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hormone concentration, cathepsin activity, protein content, and predominant oocyte 
proteins. This observation was associated with high levels of activity of cathepsin L in 
February, suggesting an important role in protein degradation during that time, while high 
activity of cathepsin B occurred, stimulating during November to January. Cathepsin B is 
more important in oogenesis or early vitellogenesis, and cathepsin L assumes a principal 
role during middle vitellogenesis. 
Twenty hours subsequent to the injection of fish with either carp pituitary hormone 
or luteinizing hormone releasing hormone, increases in the concentration of plasma
estradiol and testosterone, activities of cathepsins L, D, and B, egg size, and egg protein 
content occurred. The percentages of spawning obtained were 18.8% of LHRH injected 
fish, 12.4% of CPE injected fish, 9.4% of fish not injected, and 0% of saline injected fish.  
Injection of females with LHRH can potentially serve as a tool to increase spawning 
success in appropriate commercial settings, particularly for improving three year old catfish 
spawning success early in the spawning season. All of the parameters collectively evaluated 
may serve to assist for selection of the best 2- year old channel catfish female broodstock, 










I dedicate this work to my children, Sara and Jonathan for their support in this 













The author expresses her sincere gratitude to without whose selfless assistance 
this dissertation could not have been materialized. First of all, sincere thanks are due to
Dr. Louis R. D´Abramo and Dr. Brian C. Small, my committee chairmen, for their 
endeavor and nobleness in expending time and effort to assist me throughout the 
intricacies of the doctoral program and the dissertation process. Expressed appreciation is 
also due to the others members of my committee, namely, Dr. Anita M. Kelly, Dr. Eric 
Dibble, and Dr. Larry Hanson, for the invaluable comments and direction provided by 
them.  
Thanks are extended to my sponsor Consejo de Desarrollo Científico y 
Humanistico, Instituto de Ciencia y Tecnología de Alimentos Facultad de Ciencias 
Universidad Central de Venezuela for their financial and academic support.   
I would also like to thanks Dr. Craig S. Tucker Director of Delta Research and 
Extension Center-MSU for financial support at the beginning of this study. In same way 
my special thanks to all staff at Aquaculture, Thad Cochran Warmwater Aquaculture and 
South Farm Aquaculture Unit for their unconditional help and support every month I got 
over there for sampling. 
I would like to express my appreciation to M.SC. Amanda Lawrence 
(Entomology-MSU), Dr. P. Gerard, (Statistic Department-MSU), Dr. G. Thibaudeau 






(Veterinary School-MSU), Dr. Janet (Forestry-MSU ), Dr. C. Sullivan (North Carolina 
State University), Dr. J.M. Grizzle (Auburn University), Dr. Farid Bal’a (USDA-MS) for 
their technical support every time I needed them. 
My thanks and appreciation to all staff and students at Wildlife and Fisheries 
Department and College of Forest Resources for your unconditional help, support, and
friendly relationship throughout my stay at MSU.  
Finally, I would like to express my gratitude, love, and appreciation to my 
daughter Sara, my son Jonathan and so many friends to be acknowledged beyond 
mentioning here. They encouraged me during my frustration, and were proud of me







































TABLE OF CONTENTS 
Page 
DEDICATION.........................................................................................................  ii 
ACKNOWLEDGEMENTS.....................................................................................  iii 
LIST OF TABLES...................................................................................................  viii 
LIST OF FIGURES .................................................................................................  xii 
CHAPTER 
I. INTRODUCTION.......................................................................................  1 
II. LITERATURE REVIEW............................................................................  7 
2.1. Hormone changes...............................................................................  8 
2.1.1.Non catfish species .............................................................  8 
2.1.2.Catfish species ....................................................................  12 
2.2. Vitellogenesis.....................................................................................  15 
2.2.1.Non catfish species .............................................................  17 
2.2.2.Catfish species ....................................................................  19 
2.3. Cathepsins ..........................................................................................  20 
2.3.1.Non Catfish species ............................................................  22 
2.3.2.Catfish species ....................................................................  24 
2.4. Ovarian maturation and fertilization ..................................................  24 
2.4.1.Non-catfish species .............................................................  26 
2.4.2.Catfish species ....................................................................  27 
III. MATERIALS AND METHODS ................................................................  28 
3.1. Animals ..............................................................................................  28 
3.2. Sampling ............................................................................................  28 
3.3. Estradiol and testosterone profile.......................................................  29 

























   
  
 















3.5. Enzymatic activity of cathepsin .........................................................  31 
D.........................................................................  313.5.1.Cathepsin
 B.........................................................................  313.5.2.Cathepsin
3.5.3.Cathepsin L .........................................................................  32 
3.6. Protein Content ..................................................................................  32 
3.7. Vitellogenin determination ................................................................  32 
3.8. Oocyte maturation..............................................................................  33 
3.9. inducing spawning by hormone injection ..........................................  34 
3.10. Spawning under natural conditions ................................................. 35 
3.11. Statistical analysis ..............................................................................  35 
IV. RESULTS....................................................................................................  37 
4.1. Hormonal changes..............................................................................  37 
4.2. Vitellogenin concentration in serum .................................................  41 
4.3. Protein content of eggs.......................................................................  44 
4.4. Cathepsins ..........................................................................................  44 
4.5. Body weight .......................................................................................  49 
4.6. Egg size ..............................................................................................  49 
4.7. Electrophoresis from eggs samples....................................................  53 
4.8. Inducing maturation by carp pituitary and luteinizing hormone  
releasing hormone injection ...............................................................  54 
4.9. Ovarian maturation and fertilization ..................................................  60 
V. DISCUSSION ............................................................................................. 63 
5.1. Profile of plasma hormones ...............................................................  63 
5.2. Vitellogenin concentration in serum ..................................................  67 
5.3. Cathepsins activity .............................................................................  68 
5.4. Protein content in eggs.......................................................................  71 
5.5. Summary ............................................................................................  72 
5.6. Egg size ..............................................................................................  73 
5.7. Electrophoresis results .......................................................................  73 
5.8. Inducing maturation by carp pituitary and luteinizing hormone ....... 
releasing hormone injection .............................................................  79 










   
    
 









VI. CONCLUSIONS AND RECOMMENDATIONS......................................  86 
REFERENCES CITED............................................................................................  89 
APPENDIX 
A. Tables of monthly plasma estradiol, testosterone, and vitellogenin  
concentration, and activities of cathepsins L, D, and B, body  weights, 
and egg size ...........................................................................................  96 
B. SDS-Page Gel (12%) of egg protein during maturation of ocytes from
four different strains of channel catfish broodstock. Lanes 1 to 12  
indicate proteins results for different strains. Strains C and D 
are Gold Kist; T is Thompson and 103 is NWAC-103. The position
ofthe molecular marker indicates the size of the protein (KDa); 
a=250; b=150; c=100; d= 75; e=50; f= 37; g= 25 h= 20; i= 15; j=10 .. 107 
C. Tables of plasma estradiol, testosterone, and vitellogenin  
concentration, and activity of cathepsin l, d, and b for channel 
catfish fish injected with carp pituitary and luteinizing hormone 
























   
 
 
   
 
 
   
 
   
 
   
 
 
LIST OF TABLES 
TABLE Page 
1 Monthly mean ± SE concentration of plasma estradiol (ng/ml) during 
oocyte maturation of four strains of female channel catfish  
 broodstock ............................................................................................. 97 
2 Monthly mean ± SE concentration of plasma testosterone (ng/ml)  
during ocyte maturation of four strains of female broodstock  
 channel catfish.......................................................................................  98 
3 Monthly mean ± SE concentration of plasma estradiol and testosterone 
(ng/ml)during oocyte maturation of female channel catfish  
broodstock ............................................................................................ 99 
4 Monthly mean ± SE  plasma vitellogenin concentration (mg/ml) during  
oocyte maturation of four strains of female channel catfish 
 broodstock .......................................................................................... 100 
5 Monthly mean ± SE concentration of plasma vitellogenin (mg/ml),  
protein content (mg/mg), eggs size (µm), and activity of cathepsin  
L, D, and B (U/mg) during oocyte maturation of female channel  
catfish broodstock ................................................................................. 101 
6 Monthly mean ± SE  activity of cathepsin L (U/mg) during oocyte 
maturation of four strains of female channel catfish broodstock .......... 102 
7 Monthly mean ± SE activity of cathepsin D (U/mg) during oocyte  
maturation of four strains of female of channel catfish broodstock...... 103 
8 Monthly mean ± SE  activity of cathepsin B (U/mg) during oocyte 
maturation of four strains of female channel catfish broodstock .......... 104 
9 Mean ± SE body weight (Kg) of four strains of female channel catfish  





   
 
  
   
  
 








   
 
   
 




   
 




10 Mean ± SE eggs size (µm) during oocyte maturation of four strain of  
female channel catfish broodstock ........................................................ 106 
11 Molecular weight and optical density resulting from eletrophoresis       
 for October SDS-PAGE 1 .................................................................... 109 
12 Molecular weight and optical density resulting from eletrophoresis for  
October SDS-PAGE 2........................................................................... 111 
13 Molecular weight and optical density resulting from eletrophoresis for  
November SDS-PAGE1........................................................................ 113 
14 Molecular weight and optical density resulting from eletrophoresis for  
November SDS-PAGE 2....................................................................... 115 
15 Molecular weight and optical density resulting of eletrophoresis of 
December SDS-PAGE 1 ....................................................................... 117 
16 Molecular weight and optical density resulting of eletrophoresis of  
December SDS-PAGE 2 ....................................................................... 119 
17 Molecular weight and optical density resulting of eletrophoresis of   
December SDS-PAGE 3 ....................................................................... 121 
18 Molecular weight and optical density resulting of eletrophoresis of   
January SDS-PAGE 1 ........................................................................... 123 
19 Molecular weight and optical density resulting of eletrophoresis of  
January SDS-PAGE 2 ........................................................................... 125 
20 Molecular weight and optical density resulting of eletrophoresis of 
January SDS-PAGE 3 ........................................................................... 128 
21 Molecular weight and optical density resulting of eletrophoresis of  
February SDS-PAGE 1 ......................................................................... 130 
22 Molecular weight and optical density resulting of eletrophoresis of  
February SDS-PAGE 2 ......................................................................... 133 
23 Molecular weight and optical density resulting of eletrophoresis of  


































24 Molecular weight and optical density resulting of eletrophoresis of 
               February SDS-PAGE 3 .......................................................................... 138 
25 Molecular weight and optical density resulting of electrophoresis of 
March SDS-PAGE 2 ............................................................................. 140 
26 Molecular weight and optical density resulting of electrophoresis of 
March SDS-PAGE 3 ............................................................................. 142 
27 Molecular weight and optical density resulting of electrophoresis of 
April SDS-PAGE 1 ............................................................................... 144 
28 Molecular weight and optical density resulting of electrophoresis of 
April SDS-PAGE 2 ............................................................................... 146 
29 Molecular weight and optical density resulting of electrophoresis of 
April SDS-PAGE 3 ............................................................................... 148 
30 Molecular weight and optical density resulting of electrophoresis of 
April SDS-PAGE 4 ............................................................................... 150 
31 Molecular weight and optical density resulting of electrophoresis of 
May SDS-PAGE 1 ................................................................................ 152 
32 Molecular weight and optical density resulting of electrophoresis of 
May SDS-PAGE 2 ................................................................................ 155 
33 Molecular weight and optical density resulting of electrophoresis of 
May SDS-PAGE 3 ................................................................................ 158 
34 Molecular weight and optical density resulting of electrophoresis of 
May SDS-PAGE 4 ................................................................................ 161 
35 Molecular weight and optical density resulting of electrophoresis of 
May SDS-PAGE 5 ................................................................................ 163 
36 Mean ± SE plasma estradiol concentrations (ng/ml) for four different 
female strains of channel catfish (Ictalurus punctatus) injected
with carp pituitary and luteinizing hormone releasing  






































37 Mean ± SE plasma testosterone concentrations (ng/ml) for four 
different female strains of channel catfish (Ictalurus punctatus) 
injected with carp pituitary and luteinizing hormone releasing 
 hormone................................................................................................. 167 
38 Mean ± SE plasma estradiol and testosterone concentration (ng/ml) of 
female channel catfish injected with carp pituitary and luteinizing  
       hormone releasing hormone.................................................................. 168 
39 Mean ± SE vitellogenin concentration (mg/ml) for four different 
female strains of channel catfish (Ictalurus punctatus) injected
with carp pituitary and luteinizing hormone releasing 
       hormone................................................................................................. 169 
40 Mean ± SE vitellogenin concentration (mg/ml) and cathepsins activity 
(U/mg ± SE) for female channel catfish injected with carp  
pituitary and luteinizing hormone releasing hormone........................... 170 
41 Mean ± SE cathepsin L activity (U/mg) for four different strain 
female channel catfish (Ictalurus punctatus) injected with carp
pituitary and luteinizing hormone releasing hormone........................... 171 
42 Mean ± SE cathepsin D activity (U/mg) for four different strain 
female channel catfish (Ictalurus punctatus) injected with carp
pituitary and luteinizing hormone  releasing hormone.......................... 172 
43 Mean ± SE cathepsin B activity (U/mg) for four different strain 
female channel catfish (Ictalurus punctatus) injected with carp
pituitary and luteinizing hormone  releasing hormone.......................... 173 
44 Individual results of females from four different strain of channel 
 catfish (Ictalurus punctatus)spawning under natural conditions 
and hormone treatment injection (carp pituitary and luteinizing  









































1 Monthly means concentration of plasma estradiol (ng/ml) during oocyte 
maturation of four strains of female channel catfish broodstock.  
Strains C and D are Gold Kist, T is Thompson, and 103 is  
NWAC-103 ...........................................................................................  38 
2 Monthly means concentration of plasma testosterone (ng/ml) during  
oocytes maturation of four strains of female channel catfish  
broodstock. Strains C and D are Gold Kist, T is Thompson, and 103  
is NWAC-103........................................................................................  39 
3 Monthly mean ± SE concentrations of plasma estradiol and testosterone  
(ng/ml) for female channel catfish broodstock .....................................  40 
4 Monthly mean concentration of plasma vitellogenin (mg/ml) during  
oocyte maturation of four strains of female channel catfish 
broodstock. Strains C and D are Gold Kist, T is Thompson, and 103  
is NWAC-103........................................................................................  42 
5 Monthly mean ± SE concentration of plasma vitellogenin (mg/ml)  
during oocyte maturation of female channel catfish broodstock ..........  43 
6 Monthly mean concentration of protein (mg/mg) of eggs during 
oocyte maturation of four strains of female channel catfish  
broodstock Strains C and D are Gold Kist, T is Thompson,  
and 103 is NWAC-103..........................................................................  45 
7 Monthly mean activity of cathepsin L (U/mg) during oocyte maturation 
of four strains of female channel catfish broodstock. Strains C and D  
are Gold Kist, T is Thompson, and 103 is NWAC-103 ........................  46
 8 Monthly mean ± SE activities of cathepsins L, D, and B (U/mg) 





































 9 Monthly mean activity of cathepsin D (U/mg) during oocyte maturation 
of four strains of female channel catfish broodstock. Strains C and D  
are Gold Kist, T is Thompson, and 103 is NWAC-103 ........................  48 
10 Monthly mean activity of cathepsin B (U/mg) during oocyte maturation  
of four strains of female channel catfish broodstock. Strains C and D  
are Gold Kist, T is Thompson, and 103 is NWAC-103 ........................  50 
11 Mean body weight (kg) during oocyte maturation of four strains  
of female channel catfish broodstock. Strains C and D are Gold  
Kist, T is Thompson, and 103 is NWAC-103.......................................  51
 12 Monthly mean egg size (µm) during oocyte maturation of four strain  
of female channel catfish broodstock. Strains C and D are Gold  
Kist, T is Thompson, and 103 is NWAC-103.......................................  52 
13 Mean ± SE concentration of plasma estradiol and testosterone (ng/ml)  
for female channel catfish broodstock injected with either carp  
pituitary hormone, luteinizing hormone releasing hormone, or a  
saline solution at time 0, 20 h, and 24h.................................................  55 
14 Mean ± SE plasma vitellogenin concentration (ng/ml) for female channel 
catfish injected with either carp pituitary hormone, luteinizing  
hormone releasing hormone, or saline solution ....................................  57 
15 Activities of cathepsin L, D, and B  (U/mg ± SE) for female channel 
catfish injected with either carp pituitary (CPE) luteinizing hormone 
releasing hormone (LHEH), or saline solution .....................................  59 
16 Photographs of eggs during the vascularization stage (f) use to  
 determine fertilization rate of four different strains of female channel 
catfish Ictalurus punctatus ...................................................................  61 
17 Percentage of injected or not injected channel catfish broodstock that 
spawned and their fertilization rate .......................................................  62 
18 Summary of changes in plasma estradiol, testosterone, and  
vitellogenin, egg protein, and activities of cathepsins L, D, and B  
during different stages of oocyte maturation. Arrows (up or down)  














































19 Summary of changes from October to May in egg protein composition 
during oocyte maturation. Dark to light shading of arrows represent  
                   high to low optical density (relative amount) of the protein.................  80 
20 October SDS-PAGE 1.................................................................................. 108 
21 October SDS-PAFE 2.................................................................................. 110 
22 November SDS-PAGE 1 ............................................................................. 112 
23 November SDS-PAGE 2 ............................................................................. 114 
24 December SDS-PAGE 1.............................................................................. 116 
25 December SDS-PAGE 2.............................................................................. 118 
26 December SDS-PAGE 3.............................................................................. 120 
27 January SDS-PAGE 1 ................................................................................. 122 
28 January SDS-PAGE 2 ................................................................................. 124 
29 January SDS-PAGE 3 ................................................................................. 127 
30 February SDS-PAGE 1................................................................................ 129 
31 February SDS-PAGE 2................................................................................ 132 
32 February SDS-PAGE 3................................................................................ 135 
33 March SDS-PAGE 1.................................................................................... 137 
34 March SDS-PAGE 2.................................................................................... 139 
35 March SDS-PAGE 3.................................................................................... 141 
36 April SDS-PAGE 1 ..................................................................................... 143 



















    39 
    40 
    41 
    42 
    43 
    44 
FIGURES Page 
April SDS-PAGE 3 ..................................................................................... 147 
April SDS-PAGE 4 ..................................................................................... 149 
May SDS-PAGE 1....................................................................................... 151 
May SDS-PAGE 2....................................................................................... 154 
May SDS-PAGE 3....................................................................................... 157 
May SDS-PAGE 4....................................................................................... 160 












Channel catfish, Ictalurus punctatus, farming is by volume the largest aquaculture 
enterprise in United States, with Arkansas, Alabama, Louisiana, and Mississippi having 
94% of all catfish producing operations. Mississippi has had more acreage devoted to 
catfish production than the other three states combined, and has held this position since 
the late 1980s. 
The primary goal of any fish hatchery is to produce the maximum number of the 
highest quality eggs and fry from a specified number of broodstock.  This goal is 
particularly important in the farming of channel catfish because the current US annual 
production of approximately 600 million pounds is estimated to require over 240 million 
eggs (USDA-NASS 2000). 
The catfish industry continues to remain viable but low spawning success 
contributes to increase operational costs. Currently, only 20-40% of all mature females 
spawn during the reproductive season. To compensate for this low reproductive 
performance, fingerling producers must maintain a greater number of broodfish and a 
corresponding amount of water acres so the desired number of eggs can be confidently 
obtained to meet production goals.  These additional broodfish stocks increase the cost of 
production by occupying space that could otherwise be used for production, and by 








appropriate culture conditions and healthy fish. Improvements in the rate of successful 
spawns would allow the farmers to maintain a fewer number of broodfish necessary to 
produce the desired number of eggs and fry and thereby reduce the cost of fry and 
fingerling production. 
The number and quality of eggs can be significantly influenced by the conditions 
of broodstock maintenance, i.e., their husbandry, type of diet and ration, and the stock or 
strain of brood fish. All of these factors must be optimized to achieve the full potential of 
channel catfish broodstock and thereby reduce production costs. By achieving this goal, 
further growth of the US channel catfish aquaculture industry can be realized. 
Several strains of channel catfish broodstock are currently used.  Many strains 
have undergone several generations of domestication. Information about the origin, 
history, breeding, and performance characteristics of the different strains is available 
(Dunham et al. 1983; Wolters and Tiersch 2004). Studies that have investigated the effect 
of selection for growth rate on reproductive performance in the Marion and Rio Grande 
strains have suggested that reproductive performance is not adversely affected, and 
actually produced some improvement (Dunham et al. 1983). Females of the Norris and 
USDA-103 strains may spawn as early as two years of age, whereas females of the 
Kansas and Marion strains are known to require at least three years to reach sexual 
maturity.  Other studies suggest that different strains spawn at different ages, but no 
significant age-dependent difference in spawning success (production of viable eggs) is 





conducted with fish that had spawned previously, and no hormonal profiles were 
obtained. 
In a preliminary study, plasma of sexually mature, 3-4 years old fish from each of 
the Kansas and USDA-103 strains, were obtained in May to determine steroid levels.  
Spawning success of the USDA-103 fish was greater than that of the Kansas strain, and 
levels of plasma testosterone and estradiol were 9-fold greater (Davis and Wolters, 
unpublished). The possible relationship between level of plasma steroids and spawning 
success needs to be investigated. 
The age when fish reach sexual maturity, and the extent of spawning success, are 
important factors toward achieving efficient operation of a commercial catfish enterprise. 
During the past few decades, several strategies have been developed to control the timing 
of sexual maturation in cultured fish. Hormonal, environmental, and genetic 
manipulations have been used either to accelerate maturation in species of fish that are 
late age spawners, such as eel Anguilla anguilla (Dufour et al. 1988) red drum, Sciaenops 
ocellatus (Thomas et al. 1995), sturgeon Acipenser fulvescens (Pavlick and Moberg 
1997) and striped bass Morone saxatilis (Holland et al. 1998), or to delay the onset of 
puberty in fish that mature precociously, such as salmonids Oncorhynchus tshawytscha
(Johnstone 1993, Silverstein et al. 1998). Some studies have demonstrated that in first-
time maturing fish, such as rainbow trout Oncorhynchus mykiss European seabass 
Dicentrarchus labrax and striped bass Morone saxatilis (Holland et al. 2000), the oocytes 





Reproductive steroid hormones, such as estrogens, androgens and progestins, play an 
important role in the onset of puberty and during the formation of gametes. In mammals, 
rapid and acute changes in steroidogenesis and the cyclic changes in the type and quantity 
of secreted steroids are the result of changes in gene expression of steroidogenic 
enzymes. These enzymes are regulated by a group of factors via a complex process 
(Kumar et al. 2000). Such studies have only recently been initiated because the genes 
responsible for steroidogenic enzyme expression have been identified in only a few 
teleost species (Bradley and Grizzle 1989). Some published reports on the production of 
vitellogenin and oocyte growth (Pacoli et al. 1990), and ovarian maturation in channel 
catfish that spawn during the expected spawning season and those subjected to 
manipulations in spawning cycles exist (Brauhn and McCraren 1975; Kelly and Kohler 
1996). The morphology and physiology of sperm (Guest et al. 1976) and ovaries (Grizzle 
1985), seasonal changes in thyroid and reproductive steroid hormones in female channel 
catfish cultured in ponds (MacKenzie et al. 1989), and induced spawning (Silverstein et 
al. 1999) have been the foci of the other investigations. All of these studies have been 
conducted under the assumption that channel catfish spawn annually and that low 
spawning success is linked to the female, i.e., some mechanism within the female 
influences spawning. As a result, several methods using different hormones and steroids 
have been developed to induce ovulation in female channel catfish, thereby improving 
the traditional hatchery methods of spawning (Dunham et al. 2000). 
Similarly, during vitellogenesis and oocyte maturation, changes in the titers of 






vitellogenin by the liver followed by its accumulation in the oocytes. Control of ovulation 
and maturation of egg is known to be influenced by gonadal hormones. Most of the 
nutrients required for development of an embryo are essentially provided by vitellogenin. 
The degradation of vitellogenin must be considered to be a key requirement for 
successful reproduction in oviparous animals. A better understanding of the process of its 
degradation by cathepsins in teleost species has important implications to aquaculture 
practices. 
Changes in oocyte and follicular structure are used to divide egg development into 
stages. The position of the germinal vesicle is the best visual indicator of the degrees of 
oocyte maturation, and is a valuable tool for studies of reproduction in fish. 
Better knowledge of reproductive performance of different strains of channel catfish 
allow channel catfish farmers to choose the best option for growing, and thereby decrease 
the cost of production and maintenance of broodfish. Improvement in spawning rate 
would not only reduce the cost of fry and fingerling production but also allow farmers to 
utilize fewer broodfish to produce the desired numbers of eggs and fry. 
Therefore, the objectives of my research were: 
1. To evaluate steroidogenic capacity, specifically serum levels of estradiol and 
testosterone, over a 12-month period, and relate these data to the incidence of 
spawning success in four different strains of sexually mature, channel catfish female; 
2. To characterize profiles of cathepsins L, D and B over a 12-month period and relate 
levels in maturing oocytes during vitellogenesis to spawning success in four different 





1. To induce oocyte maturation a spawning through injection of either carp pituitary 
hormone or luteinizing hormone releasing hormone into four different strains of 












In the United States, 660 million pounds of channel catfish were produced in 2003 
representing a total of $ 425 million (USDA-NASS 2004). Mississippi, Arkansas, 
Alabama, and Louisiana have 94% of all catfish producing operations. Mississippi, in 
accord with its acreage, reported the greatest value (approximately $243 million in 2003). 
The catfish industry is extremely successful in raising fish, despite a relatively 
low spawning success of broodfish to obtain fry.  Spawning success is defined as the 
successful deposition of eggs by the female followed by fertilization by the male.  
Estimates suggest that only 20-40% of the females spawn during the reproductive season 
(Snow 1960; Jensen et al. 1983). Unpublished data from laboratories at Mississippi State 
University and the USDA/ARS Catfish Genetics Research Unit indicate that the 
percentage of successful spawning varies widely from year-to-year.  For example, in 
1999, spawning success was nearly 70%, but was only about 10% in 2000 (Silverstein 
and Powell, unpublished). Silverstein and Small (2004) stated that the typical spawning 
rate in broodstock of channel catfish ranges from 8 to 80% during four years of 
evaluation at the U.S Department of Agriculture. This range included fish representing 











2.1.1 Non catfish species 
Researchers and hatchery managers have yet to determine why the wide variation 
in spawning success exists. Most reproductive functions in fish, from gametogenesis to 
behavior, are dependent on the coordinated actions of several hormones associated with 
the brain-pituitary-gonad axis. Silverstein and Small (2004) suggest that the stage of 
sexual development in teleosts was highly correlated with levels of main neuropeptides 
found in the hypothalamus, such as gonadotropin releasing hormones (GnRH) and 
catecholamine dopamine (a gonadotropin release inhibiting factor). GnRH is a main 
signal for the release of gonadotropin hormone whereas dopamine opposes the action and 
release of GnRH. A direct neural connection exists between the hypothalamus and the 
pituitary gland of a fish and provides the major delivery system for neuro-hormones to 
the pituitary. Thus, the pituitary gland releases gonadotropins and other regulatory 
hormones involved in reproduction and they, in turn, influence stages of oogenesis such 
as vitellogenesis, maturation, and ovulation, through the action of various steroids. 
Similarly, the gonads are known to be the major site for synthesis of sex steroids that play 
an important role in sexual development in fish. Reproductive steroid hormones such as 
estrogens, androgens and progestins, impact the onset of puberty, gamete development, 
the expression of secondary sexual characteristics, and the induction of reproductive 







changes in the quality and quantity of secreted steroids are the result of changes in gene 
expression of steroidogenic enzymes regulated by a group of factors via a complex 
process (Kumar et al. 2000). If a process along the brain-pituitary-gonad axis is 
disrupted, significant disturbances in the reproductive process usually occur (Redding 
and Patino 1993; Davis et al. 2000). This endocrine axis, like all other vertebrate 
systems, undergoes developmental changes from birth to senescence. Thus, research 
efforts have been devoted to establishing an understanding of the relationships among 
gonad development, hormonal cycles and spawning success in a diversity of fish species 
with the goal of improving reproductive performance. 
Significant changes in ovarian development of teleost fishes have been found to 
correlate with changes in levels of plasma estradiol (Singh and Singh 1987; Davis et al.
2000; Harikrishnan et al. 2002; Silverstein and Small 2004). Kagawa et al. (1983) stated 
that teleost gonadotropin stimulated production of estradiol-17β which is responsible for 
synthesis and secretion of hepatic vitellogenic protein. They assayed the concentration of 
estradiol-17β and testosterone by radioimmunoassay during sexual maturation of female 
amago salmon Oncorhynchus rhodurus and observed that estradiol-17β levels gradually 
increased from June to September, reached a peak in September (16 ng/ml), and rapidly 
decreased in mature and ovulated fish (3-4 ng/ml) in October. The levels of plasma
testosterone remained high in mature and ovulated fish (90-110 ng/ml) and were 
correlated well with gonad somatic index (GSI) values during vitellogenesis.  
Efficient utilization of hatching and rearing facilities requires control over timing 





therapeutic treatment with different reproductive hormones. The sub-optimal 
environment of captive fish may affect their endocrine status and subsequently their 
reproduction performance. As a result, research has been directed to evaluate the 
effectiveness of hormonal manipulation to improve reproductive performance and to 
advance ovulation in captive fish (Crim and Evans 1983; Larsson et al.1997; Bates and 
Tiersch 1998; Szabό et al. 2002). 
Clemens and Sneed (1962) noted the advantage of utilizing exogenous pituitary 
materials to induce spawning of fish. They found that most of the ripe female fish of 
different species responded positively to pituitary injections by spawning after 12 to 20 
hours. Thus, with the ability to predict when spawning would occur, fish culturists could 
plan their work according to a spawning schedule. Culture ponds could be stocked with 
fry of uniform size and age and the amount of brood stock could be reduced. Also, the 
separation of fry and eggs from broodstock would reduce the transmission of disease to 
offspring. Production of hybrids could be feasibly produced by hand stripping. The use of 
hormones to induce spawning in ripe fish allows more uniform spawning that might not 
otherwise occur due to adverse environmental or physiological conditions.  
Degani and Gallagher (1996) evaluated the effects of dietary administered 
steroids and carp pituitary extract (CPE) on follicle frequency in vitellogenesis and 
maturation of blue gourami Trichogaster trichopterus. Low doses (2µg/g) of dietary 17β-
estradiol, testosterone and 17α,20β-dihidroxy-4-pregen-3-one did not effect maturation. 
At higher doses, 30 to 100µg/g, maturation did occur. Contrary, a single dose of CPE, 







pregen-3-one, 50% of females reached maturation compared to 25% when 17α,20β-
dihydroxy-4-pregen-3-one was provided exclusively. 
Similarly, Brzuska and Grzywaczewski (1999) studied the effect of artificial 
spawning of carp Cyprinus carpio L. treated with exogenous carp pituitary and ovopel 
(mammalian GnRH analogue). They reported that the use of ovopel as an ovulation 
stimulator increased the percentage of females that spawned with respect to 
hypophysectomized fish. However, the weight of eggs obtained was less than that yielded 
by fish treated with carp pituitary. The number of fertilized eggs produced from the use 
of either ovopel or carp pituitary was not significantly different.  
Crim and Evans (1983) reported the use of luteinizing hormone releasing-
hormone (LHRH), an oligopeptide which can be produced in large quantities at low cost, 
to control reproductive events in broodstock fish. They attempted to modify the seasonal 
reproductive cycle of Atlantic salmon Salmo salar by administration of LHRH at 
different stages of gonadal development. LHRH, delivered as an implant, stimulated 
chronic GtH secretion by the pituitary at different phases of the reproductive cycle. 
Moreover, in pre-spawning fish, ovulation and spermiation were accelerated by LHRH 
treatment. Likewise, Hobby and Pankhurst (1997) investigated the influence of plasma
steroid on egg survival in black bream Acanthopagrus butcheri and found that LHRHa 
treatment resulted in the short-term elevation of plasma estradiol and testosterone levels, 
ovulation, and an increase in the number of eggs produced. 
Szabό et al. (2002) studied the effect of carp pituitary and GnRH and concluded 







maturation. However, GnRH analogue acts at a higher level in the reproductive axis, 
inducing not only the release of the fish’s endogenous GtH from the pituitary, but also 
regulating or affecting the release of other hormones implicated in achieving successful 
final oocyte maturation and ovulation. 
2.1.2 Catfish species 
Research efforts devoted to the relationships among gonadal development, 
hormonal cycle, and spawning success in channel catfish have been limited. Ponthier et 
al. (1998) stated that timely and appropriate changes in titers of plasma steroids are 
necessary for successful reproduction to occur in all vertebrates. The presence of 
numerous ovarian steroid metabolites in related species of catfish suggests that ovarian 
steroidogenesis in channel catfish may be complex. One possible reason for lack of 
spawning by some females is the age of the onset of puberty. Channel catfish females can 
become reproductively mature at 2 years of age; however, most producers use fish that 
are three years of age or older because older fish are more reliable spawner.  The time 
when fish reach sexual maturity and spawning success are important considerations in the 
operation of a commercial catfish enterprise. During the past few decades, several 
strategies have been developed to control the timing of sexual maturation in cultured 
catfish. Hormonal and environmental manipulations and genetic selection have been used 
to accelerate maturation in species of fish that are late age spawner (Clemens and Sneed 
1962; Ponthier et al. 1998; Bates and Tiersch 1998; Kestemont et al. 1999). 
Singh and Singh (1987) monitored seasonal profiles of sex steroids in blood 







testosterone levels increased during the pre-vitellogenic phase, from 0.69 ng/ml in 
February to 3.92 ng/ml in March, and then remained stationary until late April. Levels 
increased further, to 7.06 ng/ml in May (vitellogenic phase), and remained high until 
mid-July (9.38 ng/ml) at the early post-vitellogenic phase. Thereafter, in August, 
testosterone levels declined to 2.20 ng/ml and reached basal levels, 1.06ng/ml, after 
spawning in the regressed phase (September) the levels of plasma estradiol-17β remained 
comparatively high from early April to early May (4.24 ng/ml), increased to 23.77 ng/ml
in late May and peaked at 34.14 ng/ml during early June. By August, levels of plasma
estradiol-17β had declined to 0.22ng/ml. Singh and Singh (1987) concluded that 
significant changes occurred in the reproductive physiology of C. batrachus as 
maturation proceeded and the levels of plasma steroids changed during the different 
phases of reproductive cycle. 
Similarly, Singh and Singh (1987) also found that the gonadosomatic index (GSI) 
correlated well with steroid levels during the reproductive cycle of Clarias batrachus. 
They concluded that the correlation between GSI and estradiol-17β from the 
previtellogenic stage to early postvitellogenic stage, and between GSI and estrone during 
the vitellogenic phase provided strong evidence of the important role of sex steroids 
during gonad maturation and vitellogenesis. Moreover, estradiol-17β induced vitellogenin 
synthesis during the initial stage of vitellogenesis. The later stages of vitellogenesis are 
controlled by both estradiol-17β and estrone. MacKenzie et al. (1989) also evaluated 
seasonal changes in steroid hormones in female channel catfish and found that plasma




then increased to maximum concentration in February, followed by a decline in March 
and April. Significant decreases occurred from April to June at the spawning period, and 
detectable levels occurred again in post-spawning fish in May. Plasma testosterone 
remained relatively constant throughout the fall, increased significantly in February, but, 
unlike estradiol, returned to previous levels in March. 
Sundararaj and Nath (1981) reported the use of a steroid designed to induce 
synthesis of vitellogenin in the catfish Heteropneustes fossilis. A treatment that contained 
estrogen exclusively did not result in a significant increase in ovarian weight; other 
steroids had no effect on ovarian weight or vitellogenin synthesis. They stated that 
although estradiol administration increased vitellogenin levels, ovaries remained 
regressed and contained only oogonia and primary oocytes; thus, estrogen induced the 
formation of vitellogenin, but did not promote its incorporation into oocytes.  
MacKenzie et al. (1989) also observed a significant increase in the concentration 
of both thyroxine and triiodothyronine in February as the level of steroid hormones 
increased and peaked. This relationship suggests an endocrine correlation between 
thyroid activity and reproduction. Lambert et al. (1999) compared the ability of thyroid 
hormone, carp pituitary hormone, and their combined extract to induce ovulation in a 
hybrid of channel catfish and found no significant differences. They stated that the 
exclusive use of carp pituitary was sufficient to induce ovulation. The inclusion of a 
thyroid treatment or pregnen hormones did not improved ovulation rates. Also, different 







Tan-Fermin et al. (1997) evaluated the efficacy of LHRHa and pimozide (PIM) to 
induce spawning of Asian catfish Clarias macrocephalus at different times during the 
annual reproductive cycle. A combination of LHRHa and PIM was found to be successful 
at all times evaluated. However, the egg size of fish induced to spawn in May was larger 
than that of fish induced to spawn in August and November. Fish induced to spawn in 
February produced the smallest eggs, but the hatching rate was similar to that of catfish 
induced to spawn in May. 
Joy and Tharakan (1999) induced spawning of the Indian catfish Heteropneustes 
fossilis utilizing GnRH analogue alone or in combination with dopamine affecting (DA) 
drugs. They reported that the GnRH analogue in doses of 0.075 to 0.5µg/g body weight 
resulted in 28.5% to 86% ovulation, whereas doses less than 0.075 µg/g failed to induce 
ovulation during the early spawning phase. The DA precursors and DA agonist 
significantly decreased the ovulatory responses of 0.2 µg GnRH analogue to 29%. 
Regardless of the ovulatory response, fertilization rate was not affected.  They concluded 
that Indian catfish can be induced to spawn using a GnRH analogue exclusively within a 
dose range of 0.15-0.2 µg /g body weight or in combination with DA antagonist. 
2.2 Vitellogenesis
The yolk of the egg serves as the principal food supply of the embryo. Yolk 
proteins are derived from the maternal serum protein, vitellogenin (Mañanós et al. 1994; 
Carnevali et al. 1999a,b; Hiramatsu et al. 2002a). Vitellogenin is a large 
glycolipophosphoprotein, a homodimer of 350-600 KDa that is synthesized in the liver, 





mediated endocytosis. In teleost fishes as well as chicken, vitellogenin is broken into two 
major proteins, lipovitellin and phosvitin. Lipovitellin, a lipidated protein that consists of 
20% lipid, is the largest vitellogenin yolk product, and is composed of two polypeptides 
that principally function as nutritional sources that provide amino acids and lipids needed 
for embryo development. Phosvitin principally consists of serine residues to which 
phosphate is covalently linked and calcium ionically bound. Phosvitin delivers minerals 
for skeletal development and metabolic function of the embryo (Mommsen and Walsh 
1988; Tyler and Sumpter 1996; Hiramatsu et al. 2002a; Patiño and Sullivan 2002). 
Bradley and Grizzle (1989) stated that lipovitellin and phosvitin were the major 
vitellogenin derived vertebrate proteins and could be distinguished by their size, 
precipitability, and stainability. The molecular weight of lipovitellin was estimated to be 
240 and 500 KDa, while the weight of phosvitins ranged from about 20 to 40 KDa. 
Vitellogenin, beside other nutrients such as sugars, lipids, vitamins and minerals, is 
utilized by embryos to support development following fertilization. In most animals, 
oocytes reach their final size during vitellogenesis. Thus, vitellogenesis is the process 
principally responsible for changes associated with growth of oocytes in many teleosts 
and may account for as much as 90% of the final egg size. Changes in oocytes and 
follicular structures can be used to divide egg development into stages such as oogonia, 
previtellogenic oocytes, vacuolated oocytes, vitelline oocytes and secondary oocytes. The 
duration of the vitellogenic phase principally depends on the pattern of ovarian 
development (Grizzle 1985; Mommsen and Walsh 1988; Tyler and Sumpter 1996; Patiño 








immature animals of either sex or in castrates by exogenous estrogens. In early studies of 
fishes, the injection of estrogen produced an increase in the levels of serum proteins as 
well as the appearance of egg proteins in the blood. Hepatic vitellogenin is processed in 
response to activation of the hypothalamus-pituitary-gonad neuroendocrine axis by 
environmental and endogenous signals (Grizzle 1985; Mommsen and Walsh 1988; Tyler 
and Sumpter 1996; Silverstein and Small 2004; Hiramatsu et al. 2002a). Hiramatsu et al.
(2002a) state that in some species of fish, follicular stimulating hormone in the blood
induced follicular production of estradiol which then stimulated hepatic synthesis of 
vitellogenin. In other species the production of ovarian estradiol was regulated by 
luteinizing hormone. Thus, they reported, by electrophoresis of plasma from control 
males and an estradiol injected juvenile perch, two major bands corresponding to 180 
KDa and 110 KDa positions on the gel which were specifically observed when estradiol 
was injected into this fish. They considered these bands to represent the primary subunit 
and degradation products of white perch vitellogenin. In western blotting, a female-
specific plasma protein showed inmunoreactivity to the 180 KDa band and another band 
at the position around 74 KDa, as well as some additional minor bands were considered 
to be degradation products of vitellogenin. 
2.2.1 Non catfish species 
Mañanós et al. (1994) evaluated induction, purification and characterization of 
vitellogenin in sea bass Dicentrarchus labrax L. They stated that estradiol provision 
caused the appearance in the bloodstream of a new protein identified as vitellogenin. 








approximately 445 KDa and contained high concentrations of the amino acids alanine 
and glutamic acid.  
 Hiramatsu et al. (2002b) stated that because only one vitellogenin was identified 
since 1990, vitellogenin was believed to function exclusively as a general nutrient source 
for embryo development. However, their recent investigation references indicate the 
presence of at least two vitellogenin proteins, each playing a different role in oocyte 
maturation and embryo development. In the blood plasma of white perch Morone 
americana treated with estrogen, multiple forms of vitellogenin were identified, purified, 
and classified. Three forms of female specific plasma protein with molecular masses of 
532, 532, and 426 KDa, were reported. 
Recently, Hiramatsu et al. (2003) reported the existence of multiple forms of 
vitellogenin that posses multiple receptors and act at different stages of egg development. 
Hiramatsu et al. (2004) thereafter investigated molecular characterization and expression 
of vitellogenin receptors from white perch Morone americana, reporting changes in 
gonadasomatic index and oocyte diameter throughout the oogenesis. They categorized 
maturational stages of oocytes into four different groups based on their diameter, lipidic 
stage or stage III, cortical granule or stage IV, early vitellollenic or stage V, and late 
vitellogenic or stage VI. They found the highest levels of vitellogenin receptors mRNA 
expression in ovaries from females at stage III, when uptake of vitellogenin into growing 





2.2.2 Catfish species 
Although vitellogenin has been well studied in several fish species such as sea 
bass Dicentrarchus labrax L. and rainbow trout Oncorhynchus mykiss since 1990, this 
protein has been poorly identified and partially characterized in only three species of 
catfish, including channel catfish. (Pacoli et al.1990). 
Several studies have been conducted to determine the degree of the vitellogenic 
response to the management of oocyte growth, maturational oocytes, and onset of ovarian 
atresia. Mommsen and Walsh (1988) reported that vitellogenic female fish contain 20 to 
100µg/ml of protein phosphorus from plasma, while untreated males contain less than 
5µg/ml. MacKenzie et al. (1989) evaluated seasonal changes in thyroid and reproductive 
steroid hormones in female channel catfish Ictalurus punctatus and reported that estradiol 
and testosterone increase significantly in February. Estradiol remained elevated in pre-
spawning animals and this increase was accompanied by oocyte growth and by an 
increase in the level of phosphorus of plasma–alkali proteins. Vitellogenin increased 
gradually throughout the winter, reached highest levels in March, and declined 
significantly in pre-spawning fish. The lowest level of vitellogenin was found in post-
spawning fish during summer. 
Sundararaj and Nath (1981) stated that estradiol treatment produced changes in levels of 
plasma protein, lipids and calcium in fishes that induce the liver production of 
vitellogenin. They evaluated synthesis of vitellogenin induced by estrogenic steroids in 
catfish Heteropneustes fossilis, and reported that estrogen causes de novo synthesis of 







weight did not significantly increase when eggs were oogonia and stage I primary 
oocytes. After each successive injection of estradiol, the level of serum vitellogenin in 
females was higher than that in males and the amplitude of the response increased. 
Vitellogenin production gradually returned to a non-detectable level when the primary 
hormone stimulus was removed.  
Bradley and Grizzle (1989) identified and evaluated induction of vitellogenin 
synthesis by estradiol in channel catfish. They concluded that vitellogenin was as an 
estradiol-inducible protein after examination of male and female catfish that had been 
injected intraperitoneally with estradiol-17β. A 150 KDa plasma polypeptide 
(vitellogenin) was present only in females with vitellogenic ovaries. Pacoli et al. (1990) 
evaluated seasonal changes of serum vitellogenin and oocyte growth in channel catfish 
and found that vitellogenin concentration reached a peak of 30.21 mg/ml in May before 
spawning and then declined significantly to 3.79 mg/ml in June after the spawning 
season. Vitellogenin was not detected in the serum of 10 month old fish during April, but 
became detectable in some 12-month old fish. The vitellogenin content in serum of fishes 
held in cages was significantly lower than that of fishes held in ponds.  
2.3 Cathepsins
Evidence suggests that some enzymes such as cathepsins are responsible for the 
yolk proteolysis during vitellogenesis (Pacoli et al.1990; Carnevali et al. 1999a,b). 
Mommsen and Walsh (1988) stated that after vitellogenin is synthesized, it is released 
into the bloodstream, accumulated in the developing oocytes via receptor mediated 




granules or globules throughout the ooplasm. The vesicles formed fuse with lysosomes in 
the peripheral ooplasm, the lysosomes contain cathepsin and possibly other enzymes that 
process vitellogenin into the yolk protein products. Hiramatsu et al. (2002a,c) stated that 
the major proteolytic events are classified by reproductive phases, i.e. vitellogenesis or 
first proteolysis, final oocyte maturation or second proteolysis, and embryogenesis or 
third proteolysis. After first proteolysis, when vitellogenin is degraded into prosvitin and 
lipovitellin, the second proteolysis occurs, resulting in increases in free amino acid 
content to generate osmotic effectors needed for management of water influx during 
oocyte maturation.  At the third stage of proteolysis, phosvitin is progressively 
desphosphorylated throughout embryonic and larval development. 
Carnevali et al. (1993) found that vitellogenin diminished or disappeared during 
oocyte maturation while smaller polypeptides appeared in the yolk, suggesting an 
extensive proteolysis of yolk protein during oocyte growth. Kwon et al. (2001) stated that 
accumulation of yolk compounds within the oocytes during oogenesis and their 
utilization during embryogenesis are the key processes required for successful 
reproduction. The majority of proteins and lipids found within the yolk are the products 
of enzymatic breakdown of complex precursors, mainly vitellogenin and low-density 
lipoproteins. Cathepsins are lysosomal endoproteases that are involved in the 
accumulation of yolk during oogenesis and its subsequent mobilization into fertilized 
eggs. Cathepsin D is a member of a family of aspartic proteases and plays an important 
role in the lysosomal degradation of proteins. This protease has been cloned and cDNA 








cathepsins, has been associated with pathways of yolk protein production during 
vitellogenesis and intraoocytic processing of vitellogenin into yolk protein (Kwon et al.
2001, Carnevali et al. 1999a,b). Cathepsin D levels were highest in seabream during early 
vitellogenesis, when the greatest deposition of yolk proteins occurs.  
Recently, the cysteine proteases, cathepsins B and L, have been also related to 
yolk processing in fish. The activities of cathepsins B, D, and L change depending on the 
stage of oocyte maturation. Levels of cathepsin B and D are highest in early vitellogenic 
oocytes, while levels of cathepsin L peak in mid-vitellogenesis (Carnevali et al. 1999a; 
Kestemont et al. 1999). In mammals, cathepsins B and L have been studied in somatic 
tissue and are known to be correlated with many proteolytic processes such as hormone 
maturation, antigen processing, and protein degradation.  
2.3.1 Non Catfish species 
While engaged in molecular characterization of putative yolk processing enzymes 
and their expression during oogenesis and embryogenesis in rainbow trout 
Orcorchynchus mykiss, Kwon et al. (2001) observed that relationships between the stage 
of embryo development and cathepsin activity in rainbow trout were different from
previous reports about the expression of cathepsin D and embryo development. Cathepsin 
D activity was detected during both vitellogenic development and final maturation, 
whereas cathepsin B activity was almost undetectable during embryogenesis, suggesting 
a specific role during vitellogenesis. For cathepsin L, the highest activity was expressed 
during both oogenesis and embryogenesis. Kestemont et al. (1999) evaluated cathepsin L 





spawning periods. A positive relationship between the level of cathepsin L and egg and 
larval quality was observed. Cathepsin L activity varied significantly during embryonic 
and early larval stages of perch, but was virtually absent in freshly fertilized eggs. 
Activity increased markedly at the onset of yolk vesicle proteolysis and remained high 
until first feeding, when the yolk vesicle was reabsorbed. Kestemont et al. (1999) 
suggested that cathepsin D, along with the yolk proteins in the yolk globules that break 
away from the yolk mass during vitellolysis activate the secreted proenzyme form of 
cathepsin L. Very rapid protein degradation follows.  
Carnevali et al. (1999a) evaluated the role of lysosomal proteases in the formation 
and degradation of yolk in seabream Sparus aurata. They reported that the highest level 
of cathepsin D occurred during early vitellogenesis, when oocyte diameter was 0.2-0.3 
mm and an intense deposit of yolk proteins was observed. This level of enzymatic 
activity decreased, by about 50%, when vitellogenin endocytosis and proteolysis 
declined. Also, during early vitellogenesis, levels of cathepsin B were detected. During 
middle vitellogenesis, cathepsin D was present in high levels but without activity; thus 
the authors concluded that although the lysosomal system contains the whole set of 
hydrolases necessary for yolk degradation as classical lysosomes, lysosomes do not 
degrade the content of egg yolk until specific developmental stages. 
Similarly, Carnevali et al. (2001) reported changes of lysosomal enzyme activities 
in sea bass Dicentrarchus labrax eggs and developing embryos. They stated that 
reproduction of sea bass, a pelagic spawner, was limited due to eggs not developing into 











sinking or poor quality eggs contained comparatively higher levels of cathepsin D. Also, 
they reported the levels of cathepsins A, B, C, D, E, and L varied relative to different 
stages of embryo development. Thus, cathepsin A activity was detectable from the 
morula stage at which time cathepsin B activity reached its maximum level; cathepsin A 
and L reached maximum activity during segmentation, corresponding to the major 
changes in the electrophoretic pattern of yolk protein. Cathepsin D reached its maximum
activity during hatching. 
Hiramatsu et al. (2002a,c) identified and characterized those proteases 
specifically involved in proteolysis of vitellogenin and yolk proteins in salmonids. They 
concluded that the enzyme responsible for the specific conversion of vitellogenin into its 
constituent yolk proteins was cathepsin D, and that cathepsin L was involved in 
secondary proteolysis of the yolk proteins during final oocyte maturation.  
2.3.2 Catfish species 
Although the activities of cathepsins have been well documented in several fish 
species such as sea bass, seabream, rainbow trout, perch, and salmonids, references to 
cathepsin activity in catfish species, including channel catfish are lacking.
2.4 Ovarian maturation and egg fertilization
Knowledge of the factors associated with ovarian follicle growth and maturation, 
and ovulation in teleosts has important application to many aspects of basic research, 
fisheries management, aquaculture, and environmental science. Follicle growth includes 






oogenesis as including all aspects of egg development and the completion of oocyte 
maturation. At oogonia stage, egg diameter was approximately 12-15 µm and no zona 
radiata or granulosa was present. Later, at the previtellogenic stage, oocytes were divided 
in chromatin nucleolar, early perinucleolar, and late perinucleolar stage, with egg 
diameter ranging from around 15 to 240 µm. At the vitelline oocyte stage, the diameter 
ranged from 650 to 3000 µm and at diameters exceeding higher than 3000 µm, secondary 
oocytes appears. 
In channel catfish, one cycle of oogenesis normally occurs each year leading to a 
yearly spawning cycle. Silverstein and Small (2004) stated that oogonia, the germ cells of 
the ovary, form oocytes by mitotic cell division; later the oocytes lose mitotic capacity
and enter into the meiosis stage while becoming primary oocytes. The primary oocytes 
then undergo a series of changes to a vitellogenic oocyte, a secondary oocyte, and finally 
a fully matured ovulated oocyte. The increase in the diameter of oocytes, from 12-15 µm 
to 2-3 mm at ovulation, is mainly due to accumulation of yolk protein. 
The term ovarian follicle maturation was defined as the set of LH-induced 
structural and functional changes in the follicle that are necessary for the resumption of 
meiosis by growing oocytes. The process of ovarian follicle maturation includes 
cytoplasmic changes in the oocyte that are required for successful fertilization and 
embryonic development. Typical morphological changes that occur within oocytes 
undergoing cytoplasmic maturation include extensive hydration and clarification of the 









2.4.1 Non-catfish species 
Carnevali et al. (1993) worked with yolk proteins during oocyte growth in sea 
bass Dicentrarchus labrax L. and stated that oocyte growth within follicles occurred 
through the accumulation of the cytoplasmic components and by the endocytosis of 
hepatic-derived protein, vitellogenin. The amount of vitellogenin began to increase in 200 
µm oocytes until a diameter of 500 µm was reached. At this size, the oocyte appeared to 
be divided into 2 or 3 dense masses. Using SDS-eletrophoresis, the largest molecular 
weight proteins were found to form during vitellogenesis and then were degraded to 
smaller components due to high proteolytic activity during oocyte maturation. During 
oocyte maturation, oocytes change in size and when the size increases from 700 to 800 
µm, a highly phosphorylated protein is predominat. 
Mylonas and Zohar (2001) found that during early final oocyte maturation (FOM) 
phase in temperate bass Morone sp., the germinal vesicle migrates to the periphery of the 
oocyte and the lipid droplets coalesce into large masses, until only a single lipid mass is 
present and the germinal vesicle membrane is peripherally located. During late FOM, the 
germinal vesicle membrane breaks down, the cell resumes meiosis and the yolk globules 
coalesce. During both phases of final oocyte maturation, the oocytes increased in size. 
The onset of FOM coincides with slight increases in plasma LH, as well as 17β-estradiol, 
and testosterone. At the conclusion of FOM, plasma levels of LH increased significantly, 





2.4.2 Catfish species 
Stoeckel (2000) stated that the position of germinal vesicle is a key indicator of 
stage of oocyte maturation and a valuable tool in studies of reproduction of fish. The 
germinal vesicle of fish oocytes moves from the center to the periphery during final 
maturation of oocytes. Consequently, locating the position of the germinal vesicle can 
facilitate the evaluation of treatments to promote oocyte maturation, such as the effect of 
hormone injections to induce spawning and identification of the biochemical(s) 
responsible for final maturation of oocytes. 
Pacoli et al. (1990) reported that cannulation of the oviduct after the spawning 
season, from June to August, rarely permitted collection of non-vitellogenic oocytes. 
Eggs were obtained from fish only in September. From September to November the 
diameter of vitellogenic oocytes increased from 1072 to 1845 µm, and then remained 
without change from November through February. A gradual increase in diameter was 
observed again in March through May when the maximum oocyte diameter increased 
from 1969 to 2356 µm. 
Embryo development in channel catfish was described by Silverstein and Small 
(2004) as consisting of seven stages: egg activation and blastodisc formation; cleavage; 
















MATERIAL AND METHODS 
3.1 Animals
Four different strains of two-year old female channel catfish broodstocks were 
used: two Gold Kist strains, referred to as C and D; Thompson strain, referred to as T; 
and National Warmwater Aquaculture Center- 103 (NWAC-103) strain, referred to as 
103. 
3.2 Sampling
At the Thad Cochran National Warmwater Aquaculture Center, four 0.04 ha 
earthen ponds were used to hold 144 female channel catfish broodfish. In May 2003, 
groups of nine females each, representing one of the four different strains, were tagged 
with a passive integrated transponder (PIT tag) for individual identification and stocked 
into each of the ponds, 36 fish per pond. Fish were fed daily, 32% crude protein feed 
content, at a rate of 17 kg/ha/day. Each month, beginning in May 2003, all ponds were 
seined and 20 fish from each pond were removed and placed into concrete raceway 
holding tanks (192 ft3). Samples of blood and eggs were obtained from twelve fish from 
each pond, 3 fish/strain. Fish that were selected were first anesthetized, using 250 mg/l of 
tricaine methane sulfonate (MS-222), identified by using a PIT tag reader model Power 










within a strain was subject to sampling more than once every four months. After blood 
and eggs samples were obtained, fish were returned to their respective pond.  
3.3 Estradiol and testosterone profile
A blood sample was obtained from the caudal vasculature using a syringe fitted 
with an 18-gauge needle.  Each blood sample (1 ml) was placed into a 1.5-mL 
heparinized centrifuge tube and stored on ice until all samples were collected and during 
transit to the laboratory for analysis.  Upon return to the laboratory, blood samples were 
centrifuged (Sero-Fuge II; Clay Adams, Becton Dickinson, Sparks, MD) at 3000 rpm for 
10 minutes. The separated serum was stored at –80ºC until hormone analyses were 
conducted using enzyme immunoassay, ELISA, (Oxford Biomedical Research, Oxford 
MI). Hormones were extracted from serum samples with 1 ml of ethyl ether and then 
incubated with 50 µl of estradiol or testosterone enzyme conjugate for 1h at room
temperature in antibody coated plates. The bound enzyme conjugate was detected by 
addition of 150 µl of substrate, 3,3’,5,5’tetramethylbenzidinne, which bound to the 
enzyme conjugate and generated color after 30 minutes. The intensity of color 
development was inversely proportional to the amount of estradiol or testosterone in the 
sample. Samples were read against standards at both 650nm and 490 nm with a Model 
550 microplate reader (Bio-Rad, Hercules, CA). Concentrations within the samples were 
obtained by measuring and comparing the absorbance reading of the samples against a 
standard curve. The concentrations of pure estradiol and testosterone used to produce the 











Eggs were obtained during different stages of oocyte maturation by cannulation of 
the oviduct as described by Markmann and Doroshov (1983), placed in 2 ml RNAlater 
and frozen at -80ûC until analysis. Egg proteins were extracted by placing egg samples 
into 2 volumes of sodium dodecyl sulfate (SDS, 1 % solution), homogenized, and 
centrifuged at 3000 rpm for 10 minutes in a clinical centrifuge (Dynac III; Clay 
AdamsTM, Becton Dickinson, Sparks, MD). The supernatant was collected and 10 µl of a 
1:2 mixture (sample:buffer sample) was applied to electrophoretic gels. SDS-PAGE 
electrophoresis was performed with 12% (w/v) acrylamide and 4% (w/v) stacking gels as 
described by Laemmli (1970). The electrophoresis was performed on a Mini- Proteam 3 
Cell # 165-3301 (Bio-Rad, Hercules, CA), and run at a constant voltage of 110 mAmp for 
35 minutes. Gels were stained with Coomassie brilliant blue R-250 for protein 
visualization. Proteins separated according to their molecular weights were identified by 
comparing banding patterns against a broad range molecular weight standard available 
from Bio-Rad # 161-0363.  Proteins were digitalized using a Gel Doc 2000 (Bio-Rad,
Hercules, CA), and analyzed utilizing the software Quantity One 4.1.1 (Bio-Rad, 
Hercules, CA). 
3.5 Enzymatic activity of cathepsin
The enzymatic activities of cathepsins B, L and D from samples of oocytes 
collected during vitellogenesis were assayed. Oocytes in different stages of maturation 









(1983), placed in liquid nitrogen, and then transported on dry ice to the laboratory. All 
samples were stored at -80ûC until analysis. 
3.5.1 Cathepsin D 
Proteoloytic activity of cathepsin D was measured by spectrophotometric methods 
using bovine hemoglobin (5% w/v) as a substrate according to the method described by 
Takahashi and Tang (1981). The hemoglobin is degraded by cathepsin D to liberate 
peptides soluble in a solution of trichloroacetic acid (TCA). The concentration of 
peptides was determined by their absorbance at 280 nm using a spectrophotomer 
(Spectronic 2000, Bausch & Lomb, Hilliard, Ohio). All determinations were performed 
within the linear range of the assay, up to a net absorbance of 0.3 (Takahashi and Tang 
1981). 
3.5.2 Cathepsin B 
The enzymatic activity of cathepsin B was assayed using Z-Arg-Arg-NNap 
(Sigma # C5520, Sigma Chemical Company, St Louis Mo) as a substrate according to the 
method described by Barrett and Kirschke (1981). Hydrolysis of the substrate Z-Arg-
Arg-NNap liberated 2-Naphthylamine, which was assayed colorimetrically after coupling 
it with a diazonium salt, Fast Garnet (# F8761, Sigma Chemical Company, St Louis Mo). 
The colored product was kept in solution by using a nonionic detergent, Brij 35 (4% 
solution) to prepare color reagent and read at 520 nm using a spectrophotometer 
(Spectronic 2000 Bausch & Lomb, Hilliard, Ohio ). The amount of naphthylamine 














naphthylamine (Sigma A 6640-5, Sigma Chemical Company, St Louis Mo) and knowing 
that 100 nmol of 2-naphthylamine corresponds to 10 milliunits. 
3.5.3 Cathepsin L 
The enzymatic activity of cathepsin L was assayed using azocasein (2% w/v) 
containing 6 M urea for 30 minutes at 37ºC as described by Barrett and Kirschke (1981).
The azo-coupling groups confer an intense yellow color to the protein. Proteolytic 
degradation of azocasein by cathepsin L yields an array of peptides soluble in dilute TCA 
which were quantified by their absorbance at 366 nm using a spectrophotometer 
(Spectronic 2000 Bausch & Lomb, Hilliard, Ohio). Enzymatic activity of cathepsin L was 
obtained according to the relationship of µmol of products formed per mg of protein 
3.6 Protein Content
Protein content of oocytes was obtained following the method described by 
Bradford (1976) using Bio-Rad protein assay # 500-0006 (Bio-Rad, Hercules, CA). The 
color change due to protein concentration effected by the addition of Coomassie brilliant 
blue G-250 was measured at 590 nm using spectrophotometer (Spectronic 2000 Bausch 
& Lomb, Hilliard, Ohio). A standard curve, using bovine serum albumin, was used to 
determine protein concentration.  
3.7 Vitellogenin Determination
Preparation of vitellogenin antigen and monoclonal antibody production was 
performed following the procedure described by Goodwin et al. (1992). Semipurified 












obtained from male channel catfish that had been implanted with a silastic estrogen 
implant. Serum samples were loaded into microtiter plates containing double dilution 
samples of channel catfish serum that had been previously diluted 1:100 in PBS-BSA. 
The vitellogenin standards used to create the standard curve were 200, 100, 50, 25, 12.5, 
6.25, 3.13, 1.56, 0.78, and 0.39 ng/mL. The absorbance of the reaction mixture in each 
well was measured at 405 nm using a Multiscan EX plate reader (Thermo Electron 
Corporation, Woburn, MA) and vitellogenin concentration was calculated by using 
GraphPad Prism 4.0 (GraphPad Software, Inc., San Diego, CA).  
3.8 Oocyte maturation
To follow oocyte maturation visually, samples of oocytes were collected by 
cannulation of the oviduct, as described by Markmann and Doroshov (1983), and placed 
into a 10% formalin solution until they were analyzed. Oocytes were removed from the 
formalin solution and placed into Stockard’s and Serra’s solutions to clear the eggs for 
visualization of the germinal vesicle following the procedure described by Stoeckel 
(2000). The germinal vesicles of the oocytes were observed using a compound 
microscope with transmitted light. The diameter of oocytes in the samples was measured 
using a micrometer.  An oocyte was classified as unmature if the germinal vesicle could 
not be differentiated and mature when the germinal vesicle was clearly differentiated 










3.9 Inducing spawning by hormone injection
The procedure for inducing spawning using hormone injection followed the 
general recommendation stated by Sneed and Clements (1960) and Lambert et al. (1999). 
Near the spawning season, May 13-2004, five female channel catfish from each strain, a 
total of 20 from each pond, were placed into separate concrete raceway holding tanks 
(192 ft3) and samples of eggs and blood were collected as described previously. Females 
of each strain from each pond received the following procedure for injection: a) two 
females were intraperitoneally injected with carp pituitary hormone (# P3034 Sigma 
Chemical Company, St. Louis, MO) at a dose of 2 mg/kg female body weight, followed 
by a resolving dose of 8 mg/kg after 20 hours; b) two females were intraperitoneally 
injected with luteinizing hormone releasing hormone (LHRH, # L7134, Sigma Chemical 
Company, St. Louis, MO) , at a dose of 30 µg/kg body weight, followed by a resolving 
dose of 150 µg/kg body weight after 20 hours; c) one female was intraperitoneally 
injected with saline solution (0.9% sodium chloride, Baxter Company, Deerfield, IL) to 
serve as a control. At 20 and 24 hours after injection, egg and blood samples were 
collected. Oocyte maturation, vitellogenin and its degradation products, enzymatic 
activity, hormone evaluation and protein content were analyzed according to previously 
outlined methodology to evaluate the effect of injections of either carp pituitary hormone, 
LHRH, or saline solution. After egg and blood samples were collected, the females were 









3.10 Spawning under natural conditions
The remaining female channel catfish broodstock on each pond were evaluated 
for fertilization rates. Seven male channel catfish and containers for spawning were 
added to each pond. Every three days during spawning season, the cans were checked for 
spawns and, if eggs were present, samples of eggs were removed and placed in 
Stockard’s solution. Fertilized eggs at a variety of developmental stages as well as 
unfertilized eggs were observed under light microscopy. The six stages of embryonic 
development were identified following the description of Silverstein and Small (2004). 
To determine which females actually spawned, whole fry from each spawn and 
barbels and blood samples from each female broodfish were obtained for genotyping. 
The genetic analysis was conducted by Dr. Geoff Waldbieser from USDA-ARS, Catfish 
Genetics Research Unit, Stoneville, Mississippi following the procedure state by 
Waldbieser and Wolters (1999) and Waldbieser et al. (2003). 
3.11 Statistical analysis
All data were analyzed using Proc mixed, SAS 9.1 (SAS 2002). The profiles of 
estradiol, testosterone, size and protein content of eggs, and activities of cathepsins were 
evaluated using ANOVA and repeated measures, where month was the repeated factor. 
The dependent variable was the concentration for each parameter, strains were the 
treatments, and ponds were the replicates. A student t- test was used to evaluate 
differences between strains. The effect of hormone treatment on rate of maturation of 
eggs by hormone injection was analyzed using a split plot design in which the main plot 





channel catfish, and response variable was concentration of the specific variable 














Concentrations of plasma estradiol for the different fish strains are presented in 
table 1 (appendix A) and figure 1, and for all fish sampled each month in table 3 
(appendix A), and figure 3. Estradiol concentration for all strains increased gradually, 
before and after spawning (table 1, figure 1). Significantly greater concentrations of 
estradiol were found in blood samples collected in July 2003 and April 2004 with respect 
to other months (table 3). Strain 103 showed an apparently greater amount of plasma
estradiol in July (0.327 ng/ml), although no significant differences were found among 
strains in July, and strain T the highest concentration in April (0.322 ng/ml). In April, a 
significantly less estradiol concentration was determined for strain C relative to the other 
strains. Estradiol concentration differed significantly between strains in September, 
October, December, January, March and April. Significantly less estradiol concentrations 
were found in June, September, October, January and March with respect to all other 
months. 
The monthly plasma testosterone concentrations for the different fish strains are 
presented in table 2 (appendix A) and figure 2 and the concentrations for all fish sampled 
each month are presented in table 3 (appendix A) and figure 3. Levels of testosterone 
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Figure 1 Monthly mean concentration of plasma estradiol (ng/ml) during oocyte maturation of four strains of female channel 
catfish broodstock. Strains C and D are Gold Kist, T is Thompson, and 103 is NWAC-103. 
 









































Figure 2 Monthly mean concentration of plasma testosterone (ng/ml) during oocyte maturation of four strains of female 
























































































with respect to other months. The greatest apparent concentrations of testosterone, 0.282 
and 0.289 ng/ml, although not significantly different from other strains, were recorded for 
strain C during July and January, respectively. No significant differences were found 
among strains for testosterone concentrations within each of the twelve months. 
Broodstock of strains 103 and T had the least monthly variation in testosterone 
concentration and the least, but not significantly less testosterone values for the October 
samples (0.006 and 0.009 ng/ml respectively). Mean plasma concentrations of 
testosterone were less than those observed for estradiol during all of the 12 months when 
sampling occurred, except in January when the mean concentration of plasma
testosterone was greater. 
4.2 Vitellogenin concentration in serum
Results obtained for plasma vitellogenin (Vtg) content for the different fish strains 
are presented in table 4 (appendix A) and figure 4 and for all fish sampled each month in 
table 5 (appendix A) and figure 5. No significant differences in VTG concentration were 
found among strains within individual months. For all fish, significantly greater values 
for Vtg content were observed in May near the beginning of the spawning season, and 
strain T fish had the greatest Vtg content (33.35 mg/ml). Another significant increase in 
Vtg concentration occurred in February (table 5), followed by a significant decrease in 
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Figure 4 Monthly mean concentration of plasma vitellogenin (mg/ml) during oocyte maturation of four strains of female 

















































4.3 Protein content of eggs
Results obtained for egg protein concentration for the different fish strains are 
presented in table 6 (appendix A) and figure 6, and for all fish sampled each month in 
table 5 (appendix A) and figure 5. Protein content of eggs from the October sample was 
significantly greater than that of all other monthly samples (table 5, appendix A). At that 
time, fish eggs of strains C and T contained the greatest levels of protein (3.64 and 3.10 
mg/mg%, respectively). Thereafter, in November, protein content decreased significantly, 
by 32 to 38% for all strains, and remained at these levels until February. In February and 
April, protein content increased, but did not reach levels that were significantly greater 
than that recorded in October. For all months, except November, no significant 
differences were found among strains. For the November sample, the protein content of 
eggs from strain 103 fish was significantly less than that of strain C fish. 
4.4 Cathepsins
Results obtained for cathepsin L activity for the different fish strains are presented 
in table 6 (appendix A) and figure 7, and for all fish sampled each month in table 5 
(appendix A) and figure 8. From October through January, cathepsin L activity was not 
significantly different, then significantly increased in February, and peaked in March. 
Then, in April and May, activity significantly decreased by approximately 40-50% (table 
5). Significant differences between strains were found in February, April, and May when 
strains D, T and C respectively, had the greatest cathepsin L activity. Cathepsin D 
activity for the different fish strains is presented in table 7 (appendix A) and figure 9, and 
for all fish sampled each month in table 5 (appendix A) and figure 8. 
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Figure 6 Monthly mean concentration of protein (mg/mg) of eggs during oocyte maturation of four strains of female channel 




























































Figure 7 Monthly mean activity of cathepsin L (U/mg) during oocyte maturation of four strains of female channel catfish 









































































































Figure 9 Monthly mean activity of cathepsin D (U/mg) during oocyte maturation of four strains of female channel catfish 










 No significant differences were found among strains. For all fish, no significant 
differences were found in cathepsin D activity from October through January. Then, in 
February, activity significantly decreased followed by activity in March and April that 
was significantly greater than that of each of the other months when sampling occurred. 
Cathepsin B activity for each of the fish strains is presented in table 8 (appendix A) and 
figure 10, and for all fish sampled each month in table 5 (appendix A) and figure 8. In 
contrast to cathepsins L and D, activity of cathepsin B peaked at two times. Activity was 
significantly greater between November and December, and again in March, relative to 
activity of all other months. Significant differences among strains occurred in October, 
February, and May. 
4.5 Body weight
 Results obtained for body weight determinations of fish representing the different 
strains are presented in table 9 (appendix A) and figure 11. Throughout the study, fish 
representing strains C and D weighed significantly greater than fish of the 103 and T 
strains. Some variation can be attributed to the fact that representative females for each 
strain were not continuously sampled each month 
4.6 Egg size
The results of the determination of eggs sizes are presented in Table 10 (appendix A) and 
Figure 12. Egg size among strains did not change from October through April. In May, 
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Figure 10 Monthly mean activity of cathepsin B (U/mg) during oocyte maturation of four strains of female channel catfish 
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Figure 11 Mean body weight (kg) during oocyte maturation of four strains of female channel catfish broodstock. Strains C 


















































Figure 12 Monthly mean egg size (µm) during oocyte maturation of four strain of female channel catfish broodstock. Strains 










4.7 Electrophoresis from eggs samples
Tables 11 to 35 (appendix B) and figures from 20 to 44 (appendix B) show 
electrophoretic patterns of crude extracts of eggs and apparent molecular weights of the 
bands obtained for the month evaluated. In October [figures 20-21 (appendix B)  and 
tables 11-12 (appendix B)] for all eggs sampled, the most abundant proteins had a weight 
of approximately 120 to 150 KDa and 20 to 35 KDa with high optical density, around 
0.70 (mean 1.3 and 0.83, respectively). These bands are characteristic of oocytes at the 
initial stage of oogenesis. These patterns continued to be observed throughout November 
[figures 22-23 (appendix B) and tables 13-14(appendix B)] and December [figures 24-26 
(appendix B) and tables 15-17(appendix B)]. However, during November and December, 
the apparent molecular weight product of 22 KDa became more abundant than what was 
observed in October. Later, for the January sample [figures 27-29 (appendix B) and 
tables 18-20 (appendix B)], the high apparent molecular weight bands (100-200 KDa) 
began to disappear as their intensity decreased, and new bands with apparent molecular 
weights that ranged from 10 to 40 KDa appeared and became more abundant (increased 
optical density). These lower molecular weight bands are characteristic of vitellogenin 
degradation products. 
Through February (figures 30-32, tables 21-23), March (figures 33-35, tables 24-
26) and April (Figures 36-39, Tables 27-30), a variety of bands representing with both 
high and low apparent molecular weights were present. The optical density of those 







200- 250 KDa. In May (figures 40-44, tables 31-35), high molecular weight protein bands 
became abundant and low molecular weight protein bands with high optical density (0.7-
1.0) persisted. 
4.8 Inducing maturation by injection of carp pituitary or luteinizing hormone 
releasing hormone
Plasma estradiol concentrations for the four strains of female channel catfish 
before and after injection of either carp pituitary hormone (CPE), luteinizing hormone 
releasing hormone (LHRH), or saline solution near spawning season are presented in 
table 36 (appendix C) for each fish strain evaluated, and in table 38 and figure 13 for all 
fish injected. Among individuals, a high degree of variation was evident by the calculated 
standard deviation. For some strains, the standard deviation exceeded the concentration
value. Concentrations at 20 and 24 h post-injection had the highest standard deviation. 
Concentrations for strain 103 fish had the greatest variation at all times evaluated. 
In general, for all fish evaluated and injected with CPE, estradiol concentration 
significantly increased at both 20 and 24 h post-injection (Table 38). However, for fish 
representing strains C and 103, estradiol concentration increased at 24 h post-injection 
with carp pituitary. For fish injected with LHRH, plasma estradiol concentration 
significantly increased at 20 h post-injection, and then decreased at 24 h post-injection; 
however this decrease was not significantly less than the value for 20 h post-injection. 
After 20 h, the estradiol levels in fish injected with LHRH tended to be greater, but not 
significantly greater, than those of fish injected with CPE, although broodstock of strain 
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Figure 13 Mean ± SE concentration of plasma estradiol and testosterone (ng/ml) for female channel catfish broodstock 
injected with either carp pituitary hormone, luteinizing hormone releasing hormone, or a saline solution at time 0, 
20 h, and 24h. 
 
56 
with CPE injection. No significant differences were found among strains or between 
hormones injected. For some fish, saline solution injection appeared to increase estradiol 
concentration at either 20 h or 24 h post-injection, but these increases were not 
significantly greater. No concentration was detected for several fish injected with saline 
solution. When fish were injected with CPE, estradiol levels at 20 h post-injection were 
significantly greater for broodstock of strains 103, D, and T. When fish were pooled, 
estradiol concentrations for fish injected with saline were significantly greater at 20h and 
24 h post-injection than at 0 h. 
Table 37 (appendix C) presents the mean testosterone concentrations of different 
fish strains injected with doses of CPE, LHRH, or saline solution near spawning season, 
and table 38 and figure 13 present the means testosterone levels for all of the fish 
injected. Testosterone concentrations were less than those of estradiol for fish injected 
with either LHRH or CPE. The level of testosterone at 24 h post LHRH injection 
significantly decreased from that at 20 h post-injection for all strains of fish evaluated. 
No significant differences in plasma testosterone concentration were found among strains 
in response to CPE injection. The response of fish injected with saline solution was 
similar to that elicited by hormone injection.  Values of testosterone concentration 
obtained from fish injected with CPE hormone tended to be greater than those associated 
with LHRH injection. 
Results obtained for vitellogenin (Vtg) protein in plasma according to each strain 
are presented in table 39 (appendix C), and for all of the fish injected in table 40 
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Figure 14 Mean ± SE plasma vitellogenin concentration (ng/ml) for female channel catfish injected with either carp pituitary 




time. No significant differences were found among strains or between types of hormone 
injected.  
Table 41 (appendix C) presents the results obtained for cathepsin L activity for 
different strains of fish injected with CPE, LHRH, and saline solution, and table 40 
(appendix C) and figure 15 present results for all of the injected fish. Cathepsin L activity 
significantly increased at 20 h post-injection of CPE for strain 103 and decreased 
significantly at 24 h. For fish of strain T, cathepsin L activity significantly increased 20 h 
post-injection of LHRH. At 20 h post-injection, cathepsin activity values of CPE-injected 
fish tended to be greater than those for LHRH-injected fish, except for strain 103 for 
which LHRH injection tended to result in a greater increase in activity of cathepsin L.
Similar to cathepsin L, cathepsin D activity generally increased at 20 h post-
injection of CPE, and significantly increased at 20 h post LHRH injection (table 42 
(appendix C), table 40(appendix C) and figure 15). Great variation among values is 
apparent and was greater at 20 h post-injection. Significant differences for time were 
found for the activity of strain C, being significantly greater (84.8 U/mg) at 20 h post-
injection relative to 0 h (46.5 U/mg) and 24 h post-injection (43.5 U/mg).  
Results obtained for cathepsin B activity of different strains of fish injected with 
saline solution, CPE, and LHRH are found in table 43 (appendix C) and table 40 
(appendix C) and figure 15 for all of the injected fish. Similar to cathepsin D, cathepsin B 
activity significantly increased at 20 h post-injection followed by a significant decrease at 
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 Figure 15 Activities of cathepsin L, D, and B  (U/mg ± SE) for female channel catfish injected with either carp pituitary 








B were found among strains. Variation in cathepsin B activity was less than that for either 
cathepsin L or cathepsin D activity. 
4.9 Ovarian maturation and fertilization
Figure 16 contains representative photographs of developing catfish embryos at 
the stage (f) used to determine fertilization rates. From the results presented in table 44
(appendix C) and figure 16, the following percentages of spawning were obtained: 18.8% 
(6/32) of LHRH injected fish, 12.4% (4/32) of CPE injected fish, 9.4% (6/64) of fish not 
injected, and 0% (0/16) of saline injected fish (figure 17). Those fish injected with LHRH 
spawned earlier (25 May and 2 June to 7 June) than fish injected with CPE (10 June and 
25 June). Fish that were not injected spawned at approximately the same time as the 
LHRH injected fish (26 May and 2 June to 7 June and 10 June). Those fish representing 
strains C and 103 tended to spawn more often (5 spawns each) than fish of strain T or D 
(4 and 2 spawns, respectively). Nevertheless, no significant differences in number of 
spawns that occurred were found among strains. Although plasma estradiol concentration  
increased during May 2004, prior to the before spawning season, no significant 
differences in estradiol level were found after hormone injection during July 2003 and 
May 2004, both for fish that did and did not spawn. Fertilization rates were sufficiently 
variable so that no significant differences were found among fish, whether injected or 
not. Fish that were not injected tended to have the greatest average fertilization rate 















Figure 16 Photographs of eggs during the vascularization stage (f) use to determine fertilization rate of four different strains 























































Figure 17 Percentage of injected or not injected channel catfish broodstock that spawned 














5.1 Profiles of plasma hormones
The plasma concentrations of sex steroids are useful indicators of steroidogenic 
secretion during a particular stage of the sexual cycle. Timely and appropriate changes in 
steroid plasma titers are necessary for successful reproduction in all vertebrates. Monthly 
levels of sex steroids in plasma of channel catfish varied during the annual reproductive 
cycle. As maturation proceeded, similar changes occurred in the reproductive indicators 
of each different strain of channel catfish. The highest concentration of estradiol occurred 
in July and could be attributed to the beginning of oogenesis in which estradiol induces 
the incorporation of vitellogenin protein into oocytes. Singh and Singh (1987) stated that 
increases in plasma levels of estrogen during early stages of oocyte development 
probably resulted from initial increases in gonadotropin levels. Unfortunately, assays for 
quantifying catfish gonadotropins are not currently available. The second increase in 
estradiol that occurred in November could be responsible for a new induction of 
vitellogenin production which is supported by observed increases in plasma Vtg from 
December through May. This second incorporation of vitellogenin could be attributed to 
the late vitellogenesis phase, and the ovulation phase would follow thereafter. Comparing 






(Bradley and Grizzle 1989), estradiol values are lower. This difference may be attributed 
to the maturity of channel catfish evaluated. For example, several researchers (Pacoli eal.
1990; Sundararaj and Nath 1981; Ponthier et al. 1998; Kumar et al. 2000) evaluated 
channel catfish that were 3-year old or older. In the current study, 2 to 3-year old channel 
catfish were evaluated. Holland et al. (2000) evaluated striped bass from one to four 
years old and stated that plasma estradiol levels were low in all 3-year old fish. This 
observation suggested that an insufficient stimulation of vitellogenin production by 
estradiol may reduce the extent of vitellogenin incorporation into developing oocytes. 
MacKenzie et al. (1989) stated that the annual ovarian cycle of 3 to 4-year old 
channel catfish,, could be divided into several phases at which ovaries were dominated by 
primary follicles, oocytes undergoing cortical alveoli synthesis, and vitellogenic oocytes. 
Thus, they found that estradiol concentration was relatively unchanged from September 
to January and reached its maximum concentration in February. Subsequently this 
concentration decreased in March and April. The lowest estradiol concentration was 
found in post spawning animals and the highest in February (31.9 ng/ml). In the current 
study, estradiol levels increased in several fish in July coinciding with the beginning of
the first annual ovarian cycle for these 2 year old fish. This observation suggests that 
estradiol may be important for maturation. The gradual increase in estradiol through 
October to February is associated with a gradual increase in vitellogenin concentration. 
The high value for vitellogenin in April corresponds to increases in plasma Vtg and egg 
protein, suggesting the role of estradiol in accelerating vitellogenesis in spring. The peak 
in the concentration of plasma estradiol during April likely serves to initiate a rapid 
period of vitellogenesis prior to final oocyte maturation and ovulation. The decrease of 
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period of vitellogenesis prior to final oocyte maturation and ovulation. The decrease of 
plasma estradiol in May could be the result of preparation of the ovulation phase when 
concentrations of other hormones increase and the level of estradiol decreases. Singh and 
Singh (1989), working with catfish (Clarias batrachus), stated that estradiol levels were 
maintained at high levels from early April to early May, rapidly increased in late May, 
and peaked in June. Low values were found during late June to August during the 
spawning season of this species. They believed that the falling levels of estrogen reduced 
the intensity of the negative feedback of steroids, leading to an increase in gonadotropin. 
Ponthier et al. (1998) stated that channel catfish removed during all months of the year 
readily converted pregnenolone to its metabolites, a process that varied as the 
reproductive season progressed. They reported that 17-hydroxypregnenolone (estradiol 
and testosterone precursor) was detected during every month except in June. However, 
the peak in ovarian production of 17-hydroxypregnenolone was November through 
February. This time of the year is coincident with the early phases of ovarian growth. 
Also, they stated that the decline in the level of 7α-hydroxypregnenolone from March 
through May was correlated with the declines of titers of plasma sex steroids, as was 
observed in the current study. 
Testosterone is considered an estrogen precursor and the very low output of this 
androgen from vitellogenic ovaries is probably related to its use in the aromatization of 
estradiol (Kagawa et al. 1983). As observed for estradiol, the highest level of testosterone 
observed in July can be attributed to the beginning of oogenesis. The January increase 





later aromatization of estradiol during the subsequent month when the concentration of 
estradiol increased. Contrary to the results of a previous investigation, Kagawa et al. 
(1983), where testosterone concentration was observed to be greater than that of estradiol, 
estradiol concentration exceeded that of testosterone for almost every monthly 
evaluation. MacKenzie et al. (1989) stated that a decline in estradiol and concomitant 
increase in testosterone concentration had been previously observed prior to ovulation in 
several teleost species. The decline of estradiol is believed to be needed for the removal 
of the negative feedback on gonadotropin secretion, leading to an ovulatory gonadotropin 
increase. In the present study, only in fish of strain D did testosterone increase prior to 
ovulation. Singh and Singh (1987) stated that plasma testosterone levels significantly 
increased during the previtellogenic phase (March) in catfish (Clarias batrachus) and 
again during the early vitellogenic phase (May). The concentrations remained elevated 
until the early postvitellogenic phase (July) and reached basal levels in the regressed 
phase (September). Also, they stated that high levels of testosterone in plasma could be 
attributed to its reduced transformation into estradiol during synthesis and might be due 
to the loss of aromatase activity in ovarian follicles. In the current study, high levels of 
testosterone were noted in July and January. It could be suggested that for these 2-year 
old catfish about to undergo their first reproductive cycle, the high levels in July 
correspond to the production of estradiol which may be important for maturation. The 
increase in January corresponds to the middle vitellogenesis phase.  
Ponthier et al. (1998) studied seasonal changes in two novel ovarian steroids in 









until October, the period of gonadal regression. Production of 7α-hydroxypregnenolone 
was detected from November, the onset of oocyte growth, until February. However, the 
production of 7α-hydroxypregnenolone increased during ovarian vitellogenic growth. 
Thus, during spawning months, May and June, the concentration of this steroid peaked, 
indicating the period of vitellogenic growth. The concentrations of this steroid were low 
during summer months when ovaries were regressed, but rapidly increased for the next 
vitellogenic phase. Kumar et al. (2000) studied changes in the expression of genes 
encoding steroidogenic enzymes in channel catfish and reported that appreciable levels of 
testosterone and estradiol were detected throughout the year, even during ovarian 
regression (July to September). The level of estradiol remained relatively constant during 
gonadal regression from July to September and then increased at the onset of ovarian 
recrudescence (October). A further increase occurred during the early period of 
vitellogenic growth. 
High fish to fish variation within the same strain could be the cause of why there 
were no significant differences among strains. Kumar et al. (2000), working with channel 
catfish, stated that due to large animal animal variation, no monthly group was 
significantly different from others. The lack of significant differences may have been 
further confounded by the likelihood that not all of the 2 year old fish had reached 
reproductive maturity in the present study. 
5.2 Vitellogenin concentration in serum
The two increases observed for the plasma concentration of vitellogenin, February 








eggs. The first significant increase, in February, could be associated with middle 
vitellogenesis when vitellogenin incorporation into oocytes was high, thereby increasing 
protein content. Pacoli et al. (1990) reported that levels of vitellogenin in adult channel 
catfish were 30.21 mg/ml in May prior to spawning, and declined to 3.79 mg/ml in June 
subsequent to spawning. These observations are supported by the results of the present 
study. 
5.3 Cathepsin activity
The initial increase in cathepsin L activity in November followed by monthly 
increases until March is associated with the incorporation of protein into the oocytes 
during vitellogenesis. The simultaneous, progressive increase in plasma levels of 
estradiol to stimulate protein incorporation into the eggs was accompanied by an increase 
in cathepsin L to enzymatically process the protein. This process occurred during the 
previtellin and middle vitellogenin phase. Carnevali et al. (1999a) reported that the high 
activity of cathepsin L in seabream occurred during mid-vitellogenesis, an observation 
supported by the results of the current study. They stated that cathepsin L was responsible 
for the second proteolytic cleavage of lipovitellin components. Kestemont et al. (1999) 
reported that cathepsin L was absent in freshly fertilized eggs in perch, but increased at 
the onset of yolk vesicle proteolysis. Cathepsin L activity decreased after ovulation and 
began to reappear after fertilization of the eggs. Similarly, Hiramatsu et al. (2002b) 
concluded that cathepsin L was involved in secondary proteolysis of the yolk proteins 
during final maturation of oocytes. Therefore, the observed decrease in cathepsin L 





Patiño and Sullivan (2002) stated that cathepsin D in seabream is responsible for 
producing yolk proteins from vitellogenin. In catfish, cathepsin D activity gradually 
increased from October to March. The highest activity for this enzyme occurred during 
March and May, coinciding with the middle to late vitellogenesis phase, and was higher 
than the activity observed for cathepsin L in March. Kwon et al. (2001) reported that 
cathepsin D activity of rainbow trout was either maximum during pre-vitellogenesis 
(oocyte diameter < 300 µm) or at the onset of vitellogenesis (oocyte diameter =  500-600 
µm), or abundantly expressed during both vitellogenic development and final maturation. 
Cathepsin D activity was highest during early vitellogenesis, when a great amount of yolk 
protein deposition occurs. The enzymatic activities of cathepsin D and cathepsin L in 
channel catfish were higher at the middle vitellogenesis and late vitellogenesis phases. 
Carnevali et al. (1999a) and Kestemont et al. (1999) concluded that cathepsin D in perch 
was highest in early vitellogenic oocytes when oocyte diameter was 200-300 µm and 
yolk protein is being deposited at a high rate. This enzymatic activity decreased when 
vitellogenin endocytosis and proteolysis declined. A similar enzymatic change was 
observed in the present study. 
Hiramatsu et al. (2002b) concluded that cathepsin D and cathepsin L were the 
enzymes responsible for specific conversion of vitellogenin into its constituent yolk 
proteins and were involved in secondary proteolysis of the yolk proteins during final 
oocyte maturation. In the present study, high activity of both cathepsin L and cathepsin D 





cathepsin D are involved in proteolysis of vitellogenin during the middle to late 
vitellogenic phases and their activities remain constant or low during early vitellogenesis. 
Few studies have investigated cathepsin B activity during oogenesis in teleosts. In 
the present study, the activity of cathepsin B was the least among all cathepsin activities 
determined. In contrast to the observation for cathepsins D and L, the highest activities 
occurred from November to December and again in March. Like cathepsin D, cathepsin 
B proteolytic activity occurred within early vitellogenic oocytes (Carnevali et al. 1999a) 
and this observation is supported by the results obtained in the present study. Thus, 
maximum activity of cathepsins B and D occurred during early vitellogenesis, and during 
middle vitellogenesis for cathepsin L. They concluded that the different types of 
cathepsins used during the maturation process are associated with degradation of yolk 
proteins and may differ among species. Kwon et al. (2001) observed high cathepsin B 
activity during oogenesis, but very low levels of activity during early embryogenesis. 
They stated that the patterns of expression of cathepsins D and L in rainbow trout differ 
from that of cathepsin B which was found throughout all stages of oogenesis.  
For seabream, Carnevali et al. (1999b) reported the maximum levels of activity of 
cathepsins B and D to be 8 and 31.3 U/mg respectively, in oocytes at early vitellogenesis 
(200-300 µm oocyte diameters) while the maximum cathepsin L activity, 0.10 U/mg, 
occurred during mid-vitellogenesis  (400 µm diameter). For channel catfish, cathepsin B 
and L activities were higher than those values reported for seabream and this difference 
could be species-specific. A possible explanation for the differences may reside in the 








respond to the need to maintain buoyancy through the hydration process. These 
investigators also reported that the activity of cathepsin D was significantly higher in 
sinking eggs compared to that of floating eggs where cathepsin L activity was 
predominant (Carnevali et al. 2001). 
In the present study, the activities of cathepsins D, L and B actually decreased 
during April and then began to increase again in May. This observation may reflect the 
accumulation of these enzymes prior to maximum enzymatic activity, as was stated by 
Kwon et al. (2001) working with rainbow trout. They reported similar results for 
cathepsins D, L, and B. Maximum cathepsin D mRNA expression preceded the period of 
maximum enzyme activity, and cathepsin D was most abundant in previtellogenic and 
early vitellogenic oocytes. However, maximum ovarian enzyme activity occurred during 
late vitellogenesis and toward ovulation. Cathepsin B mRNA was expressed exclusively 
during oogenesis, and was almost undetectable during embryogenesis, indicating a 
specific role for cathepsin B. In contrast, cathepsin L mRNA was expressed during both 
oogenesis and embryogenesis.  
5.4 Protein Content in eggs
Protein content of egg yolk was greatest in October, coinciding with the 
commencement of oogenesis, and again in April at late vitellogenesis. Brauhn and 
McCraren (1975) stated that the period between June and October was a period of 
vitelline protein accumulation and reduced water content. 
In the current study, the decrease in protein content of the eggs occurred at the 












into the egg is followed by its proteolysis by these cathepsins. Later, at the end February, 
an additional protein accumulation occurred when cathepsins B and D showed minimum
activities, and estradiol concentration increased. The increase in estradiol concentration 
may be associated with vitellogenesis and protein incorporation by the oocytes. Later, in 
April, when late vitellogenesis began, another incorporation of protein occurred and 
coincided with an increase in estradiol concentration. When protein content increased, 
cathepsin activity decreased coinciding with the observation of Kwon et al. (2001) who 
observed high cathepsin mRNA expression, but not a concomitantly high enzymatic 
activity. Silverstein and Small (2004) stated that for some species of fish, follicular 
stimulating hormones in the blood induce follicular production of estradiol which then
stimulates the hepatic synthesis of vitellogenin. Three principal occurrences of estradiol 
stimulation of vitellogenin production were found in the current study; at oogenesis when 
oocytes began to form and grow, at middle vitellogenesis, and at late vitellogenesis.  
Pacoli et al. (1990) reported a high concentration of vitellogenin in serum of channel 
catfish in May before spawning season, and low values in June, after spawning season. 
5.5 Summary
A summary of the relative changes in the concentrations of estradiol, testosterone, 
vitellogenin, egg protein, and the activities of cathepsins during maturation of oocytes is 
presented in figure 42. As stated previously, the highest activity of all these evaluated 
variables occurred during the vitellogenesis stage when oocytes are undergoing 













According to the information provided by Grizzle (1985) and Silverstein and Small 
(2004), the development of channel catfish eggs can be related to the results obtained in 
the present study. Vacuolated oocytes with a size that ranged from 240 to 650µm
appeared in October. Egg size suggests that the early vitelline phase occurs from
November to April and the late vitelline phase is present in May. Silverstein and Small 
(2004) stated that changes in the size of channel catfish eggs, from 12-15 µm to 2-3 mm, 
that occurred during the sequence from primary oocytes to vitellogenic oocytes, to 
secondary oocytes and then matured ovulated oocytes are due to the accumulation of yolk 
protein. Grizzle (1985) stated that during the period of vitellogenesis, oocytes increased 
in size from approximately 650 µm to 3000 µm. At this stage, oocytes have completed 
maturation in preparation for ovulation. The results of the current research suggest that on 
the day of last evaluation, 12 May, oocytes were still immature and more time was 
needed to reach the size signifying maturity. Also, on 12 May, the germinal vesicle was 
visible in the central position and had not yet moved to the periphery, the condition that 
signals the onset of ovulation. 
5.7 Electrophoresis results
The most concentrated protein bands in eggs at different stages of vitellogenesis, 
presumably representing yolk proteins proteolytically derived from vitellogenin, were 
localized at apparent molecular masses that varied between months. In October, most 
bands were found between 143-118, 96, 38-45, and 28-22 KDa. These bands can be 
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Figure 18 Summary of  changes in plasma estradiol, testosterone, and vitellogenin, egg protein, and activities of cathepsins L, 
D, and B during different stages of oocyte maturation. Arrows (up or down) represent higher or lower levels with 





Walsh (1988). They reported molecular masses for native vitellogenin to be 
between 250-600 KDa. Also, they stated that the vitellogenin molecule cannot be 
localized within the oocytes due to rapid degradation into smaller components. They 
identified five major proteins bands, 122, 103, 45, 26, and 20 KDa, which were 
abundantly found in growing oocytes, all of which were derived from proteolytic 
breakdown of vitellogenin. 
The bands situated in apparent molecular weight 20-30 KDa became more
abundant and intense in November and could be attributed to degradation of higher 
molecular weight proteins. Hiramatsu et al. (2002a) correlated bands that represent an 
apparent molecular weight of 27-17 KDa with yolk protein dimer and monomer. Also, 
they reported that the bands of 100, 90, and 29 KDa represent the partial degradation of 
lipovitellin. 
Samples of catfish eggs also produced bands with high apparent molecular 
weight, 250-200 KDa, in addition to the common patterns of low molecular weight 
bands. These bands may represent lipovitellin and phosvitin that have not been degraded. 
Mommsen and Walsh (1988) stated that subunits of vitellogenin exist at around 200-250 
KDa. The presence of bands of apparently high molecular weight coincides with the high 
amount of protein content of eggs collected in October. 
The bands of approximately 100-75 KDa and 50 and 25 KDa became more
abundant and intense in December and probably are characteristic of reduced vitellogenin 
as was stated by Hiramatsu et al. (2002b). They used inhibitors of vitellogenin and found 






enzymatic activity. Some differences in electrophoretic patterns were observed for catfish 
within strains. Thus, some samples continued presenting bands with apparent molecular 
weight of around 200 KDa as observed in the previous month before. These bands, as 
stated previously, likely belong to vitellogenin subunits. The different patterns of protein 
degradation found within the same month for different strains appear to be representative 
of the great variation in the activity of cathepsins. The smaller proteins in the oocytes 
occur simultaneously with increasing estradiol concentration and high activity of 
cathepsins B and L. Much of the within strain variation is likely due to the young age of 
the fish. 
The lower apparent molecular masses of around 16-13 KDa became abundant in 
January and seemingly are characteristic of the final degradation of higher molecular 
weight proteins. These protein products are probably the result of cathepsin B and L 
activities that remained high. Hiramatsu et al. (2002c) stated that after the initial break 
down of vitellogenin during vitellogenesis, a second proteolysis occurs during oocyte 
maturation. They proposed that two forms of lipovitellin derived for production of 
vitellogenins play a different role during oocyte maturation and early development, in 
addition to β´- components and phosvitin which both undergo extensive proteolysis 
during oocyte maturation. The main subunit of lipovitellin was shown to be completely 
degraded into free amino acids and the other was only partially degraded to a size 
coinciding with the electrophoretic patterns observed for January. 
The great range of molecular weight bands witnessed in February could be 





the vitellogenesis phase. Hiramatsu et al. (2002b) reported that major protein bands 
appeared in positions corresponding to 92, 68, and 22 for lipovitellin derived peptides as 
well as 17 KDa for β´- components. Similarly, Hiramatsu et al. (2002a) reported apparent 
molecular masses of 100, 90, 29, 27, and 17 KDa for the different monomer and dimmer
of vitellogenin in yolk proteins of perch. Carnevali et al. (1993) stated that the most 
concentrated proteins bands derived from the yolk of pre-maturational oocytes are 
proteins proteolytically derived from vitellogenin with apparent molecular weight of 85, 
55, 35, and 15 KDa. Other bands with molecular weight of 83, 60, 40, 14, and 10 KDa 
were intensified in ovulated oocytes. Highly charged proteins contained within oocytes of 
all sizes (<100-800) were found to be composed of a relatively complex mixture of 
polypeptides. The band for the largest yolk proteins disappeared and was replaced by a 
band of 83 KDa and several new bands, particularly 60, 40, 14, and 10 KDa in ovulated 
oocytes. The observations of Carnevali et al. (1993) were associated with high levels of 
activity of cathepsin L in February, suggesting an important role in protein degradation 
during that time, while high activity of cathepsin B occurred during November to 
January. The results of the current study suggest that cathepsin B is more important in 
oogenesis or early vitellogenesis and cathepsin L assumes a principal role during middle 
vitellogenesis. 
Sullivan et al. (2003) stated that completion of oocyte growth in striped bass was 
marked by the disappearance of vitellogenin from the follicles. They reported high 
molecular weight proteins, around 206-91 KDa, in vitellogenic oocytes and low 







that 170 KDa proteins like the vitellogenin monomer and other bands result from
vitellogenin derived yolk proteins. These results and the results obtained in the current 
study support a conclusion that the oocytes analyzed in May were still in vitellogenesis 
and not yet ready for ovulation. Similarly, Bradley and Grizzle (1989), induced 
vitellogenin production in channel catfish by injection of estradiol, and reported plasma
proteins with apparent molecular weights of 205, 116, 97, and 45 KDa. They also 
reported the presence of molecular masses of native (dimeric) lipovitellin between 240-
500 KDa, and phosvins that were aproximately 20-40 KDa, results that are consistent 
with those reported in the current study. Similarly, proteins with apparent masses of 532, 
426, 180, and 148 KDa as primary subunits and then proteolytically reduced to forms 
between 210-140 KDa were obtained from purified blood plasma of white perch 
(Hiramatsus et al. 2002b). They stated that similar results were found in tilapia studies. 
Thus, the results found in March, April, and May for the current study could signal the 
incorporation of vitellogenin into oocytes near the late vitellogenic phases. 
 Hiramatsu et al. (2002c) stated that initial proteolysis in white bass was associated 
with lipovitellin, phosvitin and β´-components. These β´-components were represented 
by low molecular masses of around 15 KDa. During the second phase of proteolysis, the 
110 KDa band either dramatically decreased or became undetectable within ovulated 
oocytes. A minor band, around 33 KDa, also became undetectable during oocyte 
maturation. Later, after the ooplasm had cleared, proteins bands of approximately 100 








band in ovulated eggs. Bands of β´-components disappeared during oocyte maturation 
and were absent in ovulated oocytes. 
Cathepsins, being proteins, also appear as bands in patterns of electrophoresis. 
Cathepsin L and D typically show a pattern of approximately 45 KDa, as reported by 
Carnevali et al. (1999b) and Hiramatsu et al. (2002b). Thus, the band observed at 45 KDa 
in January, March, and April, may signify an increase in increased concentrations of 
cathepsin D and L. 
Figure 19 is a summary of changes of protein degradation that occurred during 
ocyte maturation of channel catfish female broodstock based upon the results of 
electrophoretical studies. 
5.8 Inducing maturation by carp pituitary and luteinizing hormone releasing
 hormone injection
The reproductive axis of fish is able to respond to hormonal stimuli well before 
the onset of puberty. Administration of exogenous hormones can activate the sequence of 
physiological responses within this reproductive axis. Estradiol and testosterone 
concentrations generally increased through the injection of the priming doses of CPE and 
LHRH. Later, after the injection of resolving doses, estradiol and testosterone 
concentrations tended to decrease, but these concentrations still remained higher than the 
initial concentration or at time zero. Egg size, lack of germinal vesicle migration, and 
electrophoretic results suggest that hormone injections were conducted prematurely 
relative to time of ovulation. Thus, several fish that were injected did not spawn until 
80 
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Figure 19 Summary of changes from October to May in egg protein composition during oocyte maturation. Dark to light 




after fifteen days or later. Nonetheless, hormone injection in the present study still caused 
an overall increase in protein within the oocytes. Likewise, in some fish, oocyte diameter 
increased after hormone injection. Also, the percentage of fish that spawned tends to be 
higher for those injected with hormones relative to fish without treatment. Although CPE 
injection resulted in a higher relative increase in all parameters evaluated, LHRH 
injection resulted in the highest percentage of fish that spawned. Therefore, hormone 
treatment did contribute to the process of fish oocyte maturation and ovulation, and 
LHRH enhanced this process to a higher degree than CPE.  Crim and Evans (1983) stated 
that frequent LHRH injection promoted vitellogenesis in the medaka fish Oryzias 
latipes;.however, when vitellogenic female brown trout Salmo trutta received multiple 
injections of LHRH, no stimulation of reproductive events was observed. Also, they 
stated that responses of female salmon were quite different during the rapid phase of 
gonadal recrudescence. Vitellogenic development of females was accelerated, but did not 
result in ovulation. Similarly, Tan-Fermin et al. (1997) stated that the failure of fish to 
ovulate after LHRH injection and pimozide treatments suggests that concentrations of
plasma gonadotropin in those fish may have been low. Hobby and Pankhurst (1997) 
stated that LHRHa treatment produced a short term elevation of plasma estradiol and 
testosterone levels, followed by ovulation and egg production. Szabó et al. (2002) 
compared the effect of CPE and GnRH and concluded that exogenous CPE acts directly 
at the level of gonad to induce final oocyte maturation. In contrast, GnRH analogue acts 
at a higher level on the reproductive axis, inducing not only secretion of GtH but also the 





and ovulation. Degani and Gallager (1996) studied CPE influence on follicle frequency in 
vitellogenesis and maturation of blue gourami (Trichogaster trichopterus) and concluded 
that GtH not only induces the secretion of steroids but also affects the preparation of the 
ovary for maturation. 
Like steroid hormones, the activities of cathepsins L, D, and B increased when 
stimulated by exogenous hormones. Increases in protein content in eggs and cathepsin 
activity suggest an increase in vitellogenin degradation. Thus, cathepsin activity was 
higher at 20 hs after hormone injection, when protein content was higher too. The activity 
of all cathepsins, L, D, and B, increased after treatment with either CPE or LHRH, and 
these enzymes were involved in or were activated for protein degradation at this stage of 
maturity.  
A limited number of studies have investigated the relationship of hormone
treatment to enzymatic activity and oocyte maturation. Carnevali et al. (1999a) stated that 
the second proteolysis occurs just before ovulation whereby the higher molecular weight 
components of protein are further cleaved. Thus, under the hormonal stimulus and the 
increase in protein content, proteolytic activity is initiated. Matsubara et al. (2003) stated 
that when homogenates of oocytes at different maturational stages were assayed, a 
dramatic increase in protease activity occurred during the late maturational stage. 
Similarly, Kestemont et al. (1999) reported a significant increase in cathepsin L activity 
during the spawning season. Also, individual variation among egg strands increased 









cathepsin D activity in rainbow trout increases during mid-vitellogenesis and when 
oocytes reached 1.5-2.5 mm. 
Electrophoretic-produced patterns corroborate protein incorporation into the 
oocytes by the appearance of bands around 200 KDa and thepresumed degradation of this 
protein into lower molecular weight proteins such as 110, 75 33 and 19 KDa. At 24h, the 
low molecular weight bands disappeared and the enzymatic activity decreased. Bradley 
and Grizzle (1989) stated that the injection of estradiol into adult male channel catfish 
induced the appearance of a 150 KDa plasma polypeptide, and also caused an increase in 
preexisting levels of the same polypeptide in an adult female. Similarly, Hiramatsu et al.
(2002c) reported the presence of bands with apparent molecular weights of 110, 100, 75, 
33 and 19 KDa at the beginning of the ovulation stage. Thereafter a second proteolysis 
was responsible for protein degradation at the maturation stage.  
5.9 Ovarian maturation and fertilization
The effectiveness of the CPE and LHRH hormone treatments in the induction of 
spawning was demonstrated using different strains of channel catfish. However, the 
failure of those fish to ovulate 24 hs after treatment further establishes that these fish 
were not preovulatory at the time of injection. Differences in fish response can be 
attributed to reproductive maturity and seasonal responsiveness because weight, size, and 
age were similar.  
The increase in the concentration of plasma of steroids during the post-injection 
period probably resulted from the initial increase in gonadotropin levels as stated by 








and ultimately ovulation, decreasing levels of estrogen, i.e., estradiol and testosterone, 
could have caused the stimulus for a rapid increase in gonadotropin. Testosterone in the 
plasma is aromatizated into estradiol. Also, the observed increase in plasma steroids 
during post-injection coincided with the high levels of enzymatic activity in the oocytes. 
Kagawa et al. (1983) stated that a reduction in the level of plasma estradiol in amago 
salmon Oncorhynchus rhodurus may be related to an increase in gonadotropin during 
final maturation and ovulation. However, plasma testosterone in this species still 
remained at high levels.  
Several researchers have suggested a role for reproductive hormones in the 
maintenance of post-ovulatory egg viability (Hobby and Pankhurst 1997). The rate of 
fertilization for this study was higher than that reported in the results of other studies (Joy 
and Tharakan 1999; Dunham et al. 2000; Larsson et al. 1997). Joy and Tharakan (1999) 
reported a fertilization rate that ranged from 70-80% for all treatment combinations of
GnRH, L-Dopa, and pimozide in Indian catfish Heteropneustes fossilis. Similarly, 
Dunham et al. (2000) reported a fertilization rate of approximately 79% in natural 
condition for hybrids of channel catfish Ictalurus punctatus x blue catfish I. furcatus. 
Larsson et al. (1997) stated that yellowtail flounder Pleuronectes ferrugineus females 
implanted with GnRHa ovulated 3-4 weeks earlier than controls, and fertilization rates 
(68%) were significantly higher than those of the control (55%). 
Dunham et al. (1983) compared pure strain and interstrain (crossbred) channel 
catfish for spawning, and found interstrain fish usually spawned earlier than did the pure 







purebred fish. Four-year old pure strain fish improved their performance because they 
reached sexual maturity. Dunham et al. (1983) also stated that the spawning period for 
different strains of channel catfish varies, occurring earlier for strains of northern origin 
relative to those of southern origin. A 28% spawning rate for pure strain was reported.
From an examination of data obtained from the Agricultural Research Service in 
Stoneville, MS, Silverstein and Small (2004) determined that typical spawning rates in 
broodfish ponds ranged from 8 to 80% with a mean of 29%. The spawning rate was 
between 20-24% for injected fish and 14% for other fish evaluated. 
Several of the parameters evaluated in the present study, such as estradiol, 
testosterone, egg size, and vitellogenin, have been studied in previous investigations 
using channel catfish. In the present study, the measurement of the activities of the 
cathepsins and their relationships to other parameters were evaluated for the first time. 
This is also the first study to report all of these parameters in 2 to 3-year old channel 
catfish. All of the parameters collectively evaluated could assist in the selection of the 
best 2- year old channel catfish female broodstock, and to determine the optimal timing 













The following conclusions are derived from this study: 
• The large variation among individuals did not allow for any conclusion about 
strain-specific differences in hormone levels or cathepsin activities for the entire 
sampling time.  
• Levels of both estradiol and testosterone significantly increased in July and the 
following February to April. The increase in circulating hormones was 
accompanied by oocyte growth, an increase in vitellogenin, and enzymatic 
activity of cathepsins D, L, and B, supporting the belief that estradiol and 
testosterone have important roles in the regulation of vitellogenesis. 
• When compared with references (2) for 4-year old fish, low estradiol levels, 
combined with the high variability observed in 2 to 3-year old fish representing 
each of the strains suggest that many of the fish sampled were not reproductively 
mature.  
• Vitellogenin is selectively degraded by cathepsins and the sequence of proteolytic 
degradation depends on the stage of oocyte development. The activity of





• Injection of CPE or LHRH tended to increase indices of egg maturity as 
evidenced by the concentrations of plasma estradiol and plasma testosterone, 
activities of cathepsins L, D, and B, egg size, and egg protein content after 20 hs. 
• The incidence of successful spawning can be increased through hormone injection 
and the preferred hormone appears to be LHRH, particularly when used early in 
the spawning season. 
Based upon the results of my research, I offer the following recommendations: 
1. For further research: 
• Monitor the same physiological parameters and oocyte maturation of 3 and 4- 
year old female channel catfish broodstock to evaluate possible differences as 
they relate to 2 and 3-year old fish. 
• Evaluate the physiological changes in individuals that have been previously 
selected as better performance broodstock for each of the four strains of channel 
catfish. 
• Investigate whether relative differences in the activity of cathepsins during 
embryonic development can be used to evaluate egg quality. 
• Complement the determination of hormone levels and cathepsin activities with 
histological studies of the ovary during the different stages of oocyte maturation. 
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2.- For broodstock selection and management 
• Estradiol values that peak in July likely signify a reproductively mature female 
and should be examined as a means to select broodstock with a higher probability 
of spawning success. 
• LHRH could be used early in the spawning season to increase spawning 
frequency 
Activities of cathepsins could be used as part of an index to guide selection of the best 
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TABLES OF MONTHLY PLASMA ESTRADIOL, TESTOSTERONE, AND 
VITELLOGENIN CONCENTRATIONS, AND ACTIVITIES







   
    
      
    
   
    
  
   
    
  




Table 1 Monthly mean ± SE concentration of plasma estradiol (ng/ml) during oocyte maturation of four strains of female 
channel catfish broodstock 
Month Strain C* Strain D* Strain 103* Strain T* 
June 0.080a ± 0.040 0.048a ± 0.019 0.102a ± 0.065 0.061a ± 0.038 
July 0.250a ± 0.141 0.225a ± 0.226 0.327a ± 0.308 0.276a ± 0.206 
September 0.040b ± 0.018 0.033b ± 0.012 0.080a ± 0.059 0.039b ± 0.026
October 0.042ba ± 0.018 0.025b ± 0.012 0.046ba ± 0.019 0.052a ± 0.024 
November 0.101a ± 0.056 0.166a ± 0.050 0.186a ± 0.120 0.182a ± 0.090 
December 0.146a ± 0.058 0.123ba± 0.061 0.126ba± 0.044 0.109b ± 0.051
January 0.054b ± 0.025 0.070ba ± 0.066 0.130a ± 0.081 0.092ba ± 0.067 
February 0.165a ± 0.033 0.184a ± 0.159 0.153a ± 0.043 0.188a ± 0.100 
March 0.088ba ± 0.055 0.045b ± 0.025 0.142a ± 0.160 0.061ba ± 0.038 
April 0.181b ± 0.039 0.279ba ± 0.111 0.274ba ± 0.098 0.322a ± 0.132 
May 0.154a ± 0.070 0.182a ± 0.115 0.184a ± 0.097 0.119a ± 0.038 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 






   
     
   
   
   
   
   
   
   
   




Table 2 Monthly mean ± SE concentration of plasma testosterone (ng/ml) during oocyte maturation of four strains of female 
broodstock channel catfish 
Month Strain C* Strain D* Strain 103* Strain T* 
June 0.012a ± 0.012 0.013a ± 0.013 0.016a ± 0.017 0.015a ± 0.013 
July 0.282a ± 0.213 0.212a ± 0.145 0.194a ± 0.194 0.120a ±0.185
September 0.022a ± 0.018 0.028a ± 0.033 0.018a ± 0.009 0.021a ± 0.016 
October 0.013a ± 0.015 0.008a ± 0.003 0.006a ± 0.004 0.009a ± 0.006 
November 0.072a ± 0.040 0.061a ± 0.065 0.050a ± 0.031 0.070a ± 0.056 
December 0.068a ± 0.063 0.039a ± 0.033 0.064a ± 0.039 0.033a ± 0.023 
January 0.289a ± 0.283 0.217a ± 0.254 0.148a ± 0.161 0.102a ± 0.064 
February 0.060a ± 0.036 0.082a ± 0.069 0.148a ± 0.161 0.102a ± 0.064 
March 0.039a ± 0.027 0.084a ± 0.092 0.040a ± 0.026 0.049a ± 0.029 
April 0.138a ± 0.172 0.062a ± 0.042 0.120a ± 0.099 0.132a ± 0.113 
May 0.075a ± 0.096 0.084a ± 0.133 0.208a ± 0.532 0.067a ± 0.076 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 
















Table 3 Monthly mean ± SE concentration of plasma estradiol and testosterone (ng/ml) during oocyte maturation of female 





June 0.078 ed ± 0.051 0.0145c ± 0.012 
July 0.267a ± 0.217 0.222a ± 0.190
September 0.045e ± 0.032 0.022c ± 0.020
October 0.043e ± 0.022 0.008c ± 0.006
November 0.159cb ± 0.092 0.062cb ± 0.046 
December 0.124cb ± 0.050 0.049 ± 0.041 
January 0.092d ± 0.072 0.204a ± 0.248
February 0.173b ± 0.102 0.101b ± 0.093
March 0.080ed ± 0.079 0.054cb ± 0.052 
April 0.272a ± 0.107 0.112b ± 0.104
May 0.164cb ±  0.092 0.115b ± 0.305





    
         
          




Table 4 Monthly mean ± SE  plasma vitellogenin concentration (mg/ml) during oocyte maturation of four strains of female 











4.45a ± 2.06 
4.64a ± 3.53 
4.80a ± 2.70 
2.94a ± 1.66 
December4.66a ± 2.63 
4.59a ± 2.53 
4.39a ± 2.28 
7.20a ± 3.74 
 January
7.90a ± 5.24 
5.63a ± 2.27 
6.92a ± 4.73 







12.80a ± 2.85 
13.10a ± 1.60 
12.86a ± 2.30 
12.38a ± 2.42 
April
27.56a ± 6.75
20.23ba ± 9.26 
17.44b 6.50 ± 
20.17ba ± 8.98 
 May
30.71a ± 8.10 
30.92a ± 7.72 
29.52a ± 9.96 
33.53a ± 10.59 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103  









        
     




Table 5 Monthly mean ± SE concentration of plasma vitellogenin (mg/ml), protein content (mg/mg), eggs size (µm), and 











October 4.146f ± 1.616 0.031a ± 0.011 755d ± 55 6.986d ± 4.677 6.963dc ± 2.494 2.761c ± 2.177 
November 4.266fe ± 2.488 0.017dc ± 0.003 1196c ± 204 17.002c ± 4.994 7.632dc ± 2.728 10.590a ± 5.825 
December 5.291fe ± 3.013 0.009dc ± 0.003 1101c ± 223 16.103c ± 6.740 7.097dc ± 3.365 10.943a ± 5.889 
January 6.919e ± 3.971 0.010dc ± 0.004 1133c ± 245 21.079c ± 10.320 13.096c ± 8.951 5.470b ± 2.833
February 15.840c ± 6.931 0.014c ± 0.011 1328b ± 273 27.435b ± 17.124 4.955d ± 3.541 0.681d ± 0.723
March 12.798d ± 2.272 0.006d ± 0.002 1171c ± 225 35.499a ± 12.472 48.789a ± 16.682 9.240a ± 3.080
April 19.860b ± 7.642 0.020b ± 0.024 1214cb ± 135 18.608c ± 9.134 29.131b ± 10.087 5.663b ± 2.031 
May 31.119a ± 9.136 0.013dc ± 0.009 1691a ± 450 18.807c ± 9.583 43.920a ± 18.510 7.104b ± 3.904




















4.865a ± 0.601 
8.738a ± 7.307 
6.436a ± 3.905 
6.297a ± 1.372 
November
14.908a ± 3.537 
14.908a ± 3.538 
15.976a ± 2.860 
17.270a ± 5.834 
 December
19.412a ± 6.589 
15.051a ± 6.690 
16.894a ± 6.402 
13.924a ± 7.311 
 January
20.095a ± 6.618
18.678a ± 11.530 
21.968a ± 10.531 
25.995a ± 10.653 
 February
24.747ba ± 13.617 
39.995a ± 20.292 
20.813b ± 7.829
24.154ba ± 18.180 
March
42.570a ± 13.004 
30.347a ± 10.596 
31.806a ± 11.214 
36.278a ± 13.668 April
18.638ba ± 3.305 
16.243ba ± 6.951 
15.703b ± 5.204
25.009a ± 14.333 May 
25.308a ± 12.282 
17.271b ± 6.832
19.054ba ± 10.308 
15.491b ± 7.401
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 




















1.240a ±  0.764 




5.330c ± 1.449 
9.638a ± 3.138 
8.735ba ± 2.497 
6.624bc ± 1.653 
 December
9.587a ± 2.862 
6.327a ±  3.103 
7.001a ± 3.701 
6.134 ± 3.186 
 January
17.552a ± 9.109




7.630a ± 5.930 
6.331ba ± 3.845
4.056b ± 2.693 
3.739b ± 2.785 
March
55.383a ± 17.652 
46.570a ± 19.603 
42.535a ± 13.138 
49.984a ± 14.591 April
32.298a ± 5.344
29.101a ± 11.258 
28.255a ± 10.233 
29.247a ± 12.571 May 
41.905a ± 22.168 
47.288a ± 17.616 
47.288a ± 16.622 
41.179a ± 20.258 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 


















0.590b ± 0.396 
3.608a ± 2.118 
1.065b ± 1.051 
4.140a ± 1.965 
November
10.068a ± 4.766
9.022a ± 4.614 
12.340a ± 8.043
9.880a ± 4.384 
 December
14.268a ±  4.683 




5.423a ± 1.616 
5.055a ± 3.797 
5.736a ± 2.665 
5.555a ± 1.152 
 February
0.450b ± .0256 
1.267a ± 1.160 
0.415b ± 0.174 
0.494b ± 0.338 
March
10.608a ± 3.746 
7.851a ± 2.079 
9.843a ± 3.263 
9.843a ± 2.519 
April
5.810a ± 1.096 
6.005a ± 2.723 
5.369a ± 1.866 
5.830a ± 2.491 
May 
9.036a ± 4.828 
6.551ba ± 3.491 
7.490ba± 4.019 
5.918b ± 3.267 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 





     
    
     







































*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 




















762a ± 0 




1188a ± 184 
1200a ± 147 
1155a ± 250 
1279a ± 215 
December970a ± 187 
1190a ± 225 
1115a ± 47 
1106a ± 122 
 January
1040a ± 133 
1159a ± 303 
1154a ± 192 
1028a ± 418 
 February
1368a ± 171 
1316a ± 398 
1287a ± 197 
1362a ± 267 
 March
1142a ± 21 
1141a ± 14 
1106a ± 74 
1285a ± 427 
April
1294a ± 145 
1240a ± 225 
1170a ± 47 
1218a ± 122 
 May
1466a ± 230 
2050a ± 212 
1780a ± 544 
1200a ± 230 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 















SDS-PAGE GEL (12%) OF EGG PROTEIN DURING MATURATION OF OOCYTES 
FROM FOUR DIFFERENT STRAINS OF CHANNEL CATFISH BROODSTOCK.
LANES 1 TO 12 INDICATE PROTEINS RESULTS FOR DIFFERENT STRAINS. 
STRAINS C AND D ARE GOLD KIST; T IS THOMPSON, AND 103  
IS NWAC-103. THE POSITION OF THE MOLECULAR  
MARKER INDICATES THE SIZE OF THE PROTEIN  
(KDA); A=250; B=150; C=100; D=75; E=50; 
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Table 11 Molecular weight and optical density resulting from eletrophoresis for Octuber 
SDS-PAGE 1 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 2 143.01 0.34 
2 3 102.41 0.38 
2 5 50.00 0.42 
2 6 36.04 0.23 
T 3 1 177.84 0.70 
3 2 115.38 0.31 
3 3 96.85 0.34 
3 4 56.14 0.28 
3 5 38.26 0.21 
3 6 28.50 0.27 
3 7 26.57 0.29 
T 4 3 99.20 0.26 
4 6 28.99 0.21 
4 7 26.80 0.25 
103 5 2 118.17 0.19 
5 3 97.63 0.26 
5 5 38.90 0.12 
5 6 28.00 0.26 
D 6 2 118.17 0.19 
6 3 97.63 0.29 
6 5 38.90 0.13 
6 6 28.49 0.26 
103 7 2 118.17 0.19 
7 7 27.51 0.21 
D 8 6 28.00 0.22 
9 1 223.17 0.82 
9 5 29.24 0.23 
T 10 6 28.24 0.26 
T 11 6 28.24 0.27 
T 12 2 250.00 0.43 
12 3 126.94 0.36 
12 5 68.76 0.17 
103 13 3 121.02 0.33 
13 4 79.95 0.29 
13 7 26.80 0.44 
110 






















































Table 12 Molecular weight and optical density resulting from eletrophoresis for Octuber 
SDS-PAGE 2 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
D 2 1 240.37 0.83 
2 2 110.67 1.02 
2 3 70.10 0.77 
2 4 44.75 0.73 
2 5 22.61 0.72 
T 3 2 114.47 1.11 
3 3 72.16 0.79 
3 4 45.46 0.72 
3 5 22.36 0.75 
T 4 2 110.67 1.22 
4 3 69.43 0.87 
4 4 44.40 0.93 
4 5 22.61 0.84 
C 5 5 22.61 0.74 
D 6 3 72.86 0.77 
6 4 45.83 0.71 
6 5 22.86 0.75 
D 7 3 72.86 0.82 
7 4 45.46 0.76 
7 5 22.86 0.76 
T 8 5 22.61 0.73 
D 9 4 45.83 0.71 
9 5 22.61 0.74 
T 10 5 22.87 0.74 
D 11 5 22.86 0.74 
103 12 5 23.38 0.73 
i 
112 
DST T T 10
3





















































Table 13 Molecular weight and optical density resulting from eletrophoresis for 
November SDS-PAGE 1
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
D 2 1 110.67 1.06 
2 2 51.584 0.72 
2 3 30.84 0.58 
2 4 23.73 0.38 
2 5 21.27 0.51 
T 3 1 110.67 1.18 
3 2 53.22 0.74 
3 3 31.28 0.55 
3 5 21.32 0.60 
T 4 1 113.51 1.22 
4 2 50.00 0.95 
4 3 31.06 0.78 
4 4 23.78 0.46 
4 5 21.27 0.74 
103 5 5 21.32 0.54 
T 6 3 31.72 0.74 
6 4 24.07 0.43 
6 5 21.32 0.76 
C 7 5 21.48 0.56 
T 8 5 21.58 0.54 
C 9 5 21.68 0.59 
C 10 5 21.73 0.51 
C 11 5 21.84 0.76 
UK 12 5 21.84 0.59 






























































Table 14 Molecular weight and optical density resulting from eletrophoresis for    
November SDS-PAGE 2
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 1 301.03 0.12 
2 2 77.75 0.75 
2 3 45.41 0.45 
2 4 37.022 0.11 
2 5 31.37 0.29 
2 6 21.32 0.39 
D 3 1 227.83 0.02 
3 2 82.05 0.71 
3 3 46.80 0.25 
3 4 31.37 0.11 
3 5 21.36 0.24 
103 4 3 47.08 0.33 
4 5 32.02 0.20 
4 6 21.51 0.22 
103 5 5 32.02 0.24 
5 6 21.51 0.26 
103 6 6 21.56 0.25 
103 7 6 21.71 0.25 
D 8 6 21.61 0.24 
T 9 6 21.66 0.26 
C 10 6 21.76 0.16 
D 11 6 21.96 0.12 
103 12 6 22.00 0.09 
103 13 6 22.16 0.17 
116 
ST T C D 10
















































Table 15 Molecular weight and optical density resulting of eletrophoresis of December 
SDS-PAGE 1 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
T 2 1 104.61 0.74 
2 3 46.16 0.27 
2 4 30.89 0.14 
2 5 21.20 0.23 
UK 3 2 100.00 0.81 
3 3 46.16 0.15 
C 4 2 97.07 0.78 
4 3 45.84 0.20 
D 5 2 98.92 0.75 
5 3 45.78 0.24 
103 6 2 99.80 0.85 
6 3 46.41 0.19 
C 7 2 100.83 0.55 
7 3 46.37 0.13 
T 8 2 99.60 0.69 
8 3 45.58 0.28 
UK 9 2 101.31 0.44 
9 3 46.19 0.14 
T 10 2 99.42 0.59 
10 3 46.16 0.21 
D 11 2 100.882 0.53 
11 3 46.16 0.18 
UK 12 2 101.82 0.49 
12 3 46.16 0.19 
103 13 2 101.41 0.42 


































































Table 16 Molecular weight and optical density resulting of eletrophoresis of December 
SDS-PAGE 2 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 1 76.28 0.49 
2 2 46.37 0.17 
2 3 21.24 0.16 
UK 3 1 73.84 0.47 
3 2 45.80 0.17 
3 3 21.29 0.26 
T 4 1 75.00 0.44 
4 2 46.08 0.16 
4 3 21.29 0.23 
C 5 2 45.80 0.30 
5 3 21.35 0.33 
103 6 2 46.66 0.17 
6 3 21.45 0.12 
103 7 2 46.96 0.25 
7 3 21.56 0.15 
D 8 1 78.91 0.54 
8 2 47.25 0.17 
8 3 21.45 0.19 
T 9 1 76.28 0.61 
9 2 46.96 0.28 
9 3 21.40 0.30 
UK 10 2 47.55 0.20 
T 11 2 47.55 0.20 
11 3 21.51 0.12 
T 12 2 47.25 0.25 
12 3 21.56 0.16 
103 13 1 77.58 0.57 
13 2 47.55 0.21 











































Table 17 Molecular weight and optical density resulting of eletrophoresis of December 
SDS-PAGE 3
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
C 2 1 201.41 0.41 
2 2 130.53 0.22 
2 3 87.57 1.00 
2 4 25.00 0.301 
103 3 1 205.41 1.00 
3 2 132.05 0.64 
D 4 3 86.28 0.63 
4 1 201.41 1.00 
4 2 126.07 0.48 
4 3 85.65 0.47 
4 5 53.89 0.58 
D 5 1 197.49 1.00 
5 7 25.33 0.29 
C 6 1 205.41 0.48 
6 2 127.54 0.27 
6 3 85.65 1.00 
6 5 25.16 0.14 
T 7 2 130.53 0.69 
7 3 86.28 0.63 
7 4 25.00 0.36 
T 8 2 135.15 0.51 
8 3 88.87 0.62 
8 4 25.16 0.38 
103 9 2 135.15 0.46 
UK 10 2 135.15 1.00 
10 3 88.21 0.42 
T 11 2 127.54 0.51 
11 3 85.65 0.49 
11 4 53.55 0.41 
C 12 3 84.40 0.29 
12 4 52.56 0.59 
D 13 1 205.41 0.90 
13 2 130.53 1.00 






























































Table 18 Molecular weight and optical density resulting of eletrophoresis of January 
SDS-PAGE 1 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 3 89.37 0.16 
2 4 59.59 0.14 
2 5 39.62 0.18 
D 3 2 155.08 0.23 
3 3 97.34 0.14 
103 4 4 61.42 0.11 
4 5 39.71 0.17 
D 5 1 169.49 0.15 
5 2 102.22 0.08 
5 3 92.64 0.12 
5 4 61.42 0.11 
5 5 40.16 0.14 
103 6 3 90.18 0.16 
6 5 39.71 0.22 
T 7 3 90.99 0.20 
7 4 62.93 0.17 
7 5 40.17 0.26 
T 8 1 169.49 0.22 
8 2 102.22 0.11 
8 3 94.32 0.15 
8 4 63.69 0.14 
8 5 40.17 0.23 
103 9 3 95.60 0.12 
9 5 40.81 0.09 
103 10 5 40.81 0.19 
D 11 3 96.03 0.16 
11 5 40.81 0.20 
103 12 2 98.66 0.08 
12 5 41.19 0.10 
C 13 2 99.105 0.13 


































Table 19 Molecular weight and optical density resulting of eletrophoresis of January 
SDS-PAGE 2 








Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
D 2 2 33.80 0.64 
2 3 31.06 0.14 
2 4 24.68 0.53 
2 5 22.36 0.59 
2 6 16.05 0.64 
2 7 14.90 0.48 
uk 3 1 51.72 0.66 
3 2 34.42 0.59 
3 3 31.82 0.59 
3 4 24.84 0.49 
3 5 22.57 0.53 
3 6 16.19 0.58 
3 7 15.16 0.44 
103 4 2 34.00 0.56 
4 3 31.63 0.57 
4 5 22.36 0.51 
4 6 16.02 0.59 
4 7 15.00 0.44 
C 5 2 35.68 0.54 
5 3 32.40 0.52 
5 5 22.43 0.51 
5 6 16.15 0.51 
103 6 2 35.26 0.55 
6 3 31.63 0.59 
6 4 24.37 0.50 
6 5 22.08 0.57 
6 6 16.05 0.58 
6 7 14.79 0.47 
6 8 13.44 0.44 
C 7 2 35.04 0.57 
7 3 31.82 0.56 
7 4 24.44 0.47 
7 5 22.14 0.54 
7 6 16.11 0.56 






Table 19 (Continued) 
103 8 1 50.00 0.65 
8 2 34.00 0.56 
8 3 31.25 0.59 
8 4 24.68 0.46 
8 5 22.36 0.52 
8 6 16.12 0.57 
8 7 14.80 0.42 
D 9 3 32.79 0.60 
9 4 24.52 0.51 
9 5 22.36 0.56 
9 6 16.11 0.63 
9 7 15.00 0.46 
C 10 2 34.62 0.59 
10 3 31.44 0.62 
10 4 24.53 0.52 
10 5 22.29 0.59 
10 6 16.84 0.5 
10 7 14.80 0.47 
10 8 13.07 0.48 
C 11 2 35.26 0.57 
11 3 31.63 0.62 
11 4 24.52 0.52 
11 5 22.07 0.58 
11 6 16.12 0.56 
11 7 14.80 0.47 

























































Table 20 Molecular weight and optical density resulting of eletrophoresis of January 
SDS-PAGE 3 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
D 3 4 28.08 0.09 
103 7 1 108.45 0.29 
7 2 67.44 0.17 
7 3 43.95 0.12 
7 4 28.03 0.11 
D 8 2 67.44 0.17 
8 3 43.63 0.13 
8 4 28.03 0.10 
D 9 2 64.89 0.28 
9 3 43.01 0.24 
9 4 28.03 0.24 
103 10 2 69.43 0.14 
10 3 44.58 0.10 
10 4 28.49 0.12 
D 11 3 45.22 0.08 
103 12 1 105.55 0.34 
12 2 68.10 0.17 
12 3 44.90 0.14 
12 4 28.49 0.21 
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Table 21 Molecular weight and optical density resulting of eletrophoresis of February 
SDS-PAGE 1 








Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
D 2 1 114.47 0.51 
2 2 81.94 0.33 
2 3 70.46 0.32 
2 4 43.51 0.28 
2 5 28.20 0.28 
2 6 25.96 0.25 
D 3 3 71.57 0.31 
3 4 44.02 0.29 
3 5 27.99 0.25 
3 6 26.16 0.25 
D 4 4 42.52 0.54 
4 5 27.16 0.59 
5 2 83.77 0.35 
T 5 3 51.58 0.30 
5 4 43.51 0.38 
5 5 27.78 0.31 
5 6 25.57 0.26 
103 6 2 83.78 0.41 
6 3 71.57 0.38 
6 4 44.53 0.30 
6 5 27.99 0.31 
6 6 25.96 0.26 
T 7 2 81.94 0.48 
7 3 68.30 0.54 
7 4 43.51 0.46 
7 5 27.78 0.40 
T 8 2 81.94 0.57 
8 3 69.37 0.49 
8 4 44.02 0.40 
8 5 27.99 0.40 
8 6 25.57 0.37 
103 9 4 45.05 0.29 
9 6 25.76 0.30 
103 10 3 72.70 0.40 





Table 21 (continued) 
10 5 27.78 0.30 
10 6 25.76 0.32 
103 11 4 45.05 0.33 
11 6 25.57 0.38 
D 12 3 72.70 0.29 
12 4 44.02 0.28 
12 6 25.76 0.25 
C 13 3 71.57 0.28 
13 4 44.02 0.27 





































Table 22 Molecular weight and optical density resulting of eletrophoresis of February 
SDS-PAGE 2 








Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 2 112.93 0.54 
2 3 78.68 0.40 
2 4 67.52 0.43 
2 5 55.54 0.36 
2 6 43.48 0.40 
2 7 34.36 0.34 
2 8 28.14 0.37 
2 9 26.13 0.35 
T 3 6 43.95 0.37 
3 7 34.62 0.35 
3 9 25.75 0.37 
T 4 1 127.54 0.52 
4 2 84.55 0.42 
4 8 28.77 0.34 
4 9 26.72 0.33 
103 5 3 80.59 0.53 
5 4 69.57 0.48 
5 6 44.42 0.42 
5 8 28.35 0.44 
T 6 6 43.95 0.43 
6 7 34.11 0.37 
6 8 28.56 0.37 
C 7 4 66.51 0.60 
7 6 43.95 0.54 
7 7 35.39 0.43 
7 8 27.93 0.53 
103 8 6 44.90 0.44 
8 7 35.13 0.41 
8 9 26.13 0.45 
T 9 5 54.71 0.40 
9 6 44.90 0.43 
9 7 35.13 0.37 
9 8 28.56 0.39 
9 9 26.52 0.39 






Table 22 (continued) 
10 8 28.77 0.38 
10 9 26.52 0.37 
D 11 3 78.68 0.39 
103 12 3 80.59 0.49 
12 4 69.57 0.47 
12 8 28.77 0.45 




























Table 23 Molecular weight and optical density resulting of eletrophoresis of February 
SDS-PAGE 3 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
T 2 1 252.89 1.00 
2 2 197.09 0.47 
2 3 165.29 0.47 
103 3 1 256.62 1.00 
4 1 268.16 1.00 
5 1 264.26 1.00 
D 6 1 264.26 1.00 
6 2 194.22 0.38 
6 3 172.72 0.34 
6 4 72.00 0.79 
C 7 1 268.17 1.00 
7 2 165.29 0.50 
7 3 108.31 044 
T 8 1 280.22 1.00 
8 2 175.27 0.57 
8 3 108.79 0.56 
C 9 1 280.22 1.00 
10 1 276.15 1.00 
10 2 202.95 0.83 
10 3 73.22 0.82 
D 11 1 276.15 1.00 
11 2 197.10 0.63 
103 12 2 191.39 0.34 
12 3 167.73 0.36 
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Table 24 Molecular weight and optical density resulting of electrophoresis of March 
SDS-PAGE 1 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
D 2 1 276.89 0.29 
2 2 137.93 0.15 
2 3 55.92 0.15 
UK 3 1 276.89 0.30 
3 3 56.31 0.17 
UK 4 1 286.48 0.31 
4 3 56.31 0.18 
103 5 1 286.48 0.37 
5 2 139.87 0.16 
5 3 55.53 0.20 
D 6 1 286.48 0.30 
6 3 55.53 0.16 
D 7 1 286.48 0.29 
7 3 55.53 0.16 
D 8 1 286.48 0.37 
8 3 55.14 0.21 
UK 9 1 286.48 0.39 
9 3 55.14 0.20 
C 11 1 276.89 0.27 
11 3 55.52 0.14 
11 4 24.52 0.52 
11 5 22.07 0.58 
C 12 1 267.62 0.31 
12 3 55.14 0.15 
103 13 2 136.01 0.14 












































Table 25 Molecular weight and optical density resulting of electrophoresis of March 
SDS-PAGE 2 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 1 100.00 0.59 
2 2 73.99 0.53 
2 3 38.09 0.45 
2 4 28.17 0.47 
T 3 2 76.36 0.47 
3 4 28.55 0.46 
103 4 4 28.74 0.46 
T 5 4 28.74 0.45 
C 6 4 29.13 0.44 
T 7 4 29.13 0.44 
T 8 2 73.99 0.45 
8 4 29.13 0.45 
103 10 1 143.39 0.56 
10 2 29.91 0.44 
C 11 1 150.00 0.55 
11 2 29.91 0.43 
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Table 26 Molecular weight and optical density resulting of electrophoresis of March 
SDS-PAGE 3 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
C 2 1 165.08 0.35 
2 2 97.25 0.25 
2 3 62.38 0.22 
2 4 40.77 0.23 
C 3 1 170.43 0.36 
3 2 95.47 0.24 
3 4 41.17 0.22 
103 5 5 100.00 0.25 
5 4 41.57 0.22 


































Table 27 Molecular weight and optical density resulting of electrophoresis of April 
SDS-PAGE 1 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
T 2 3 127.54 0.33 
D 4 3 126.07 0.39 
4 4 98.46 0.29 
4 5 40.68 0.26 
103 8 1 769.14 0.30 
8 3 127.54 0.42 
8 5 40.85 0.28 
103 13 4 102.34 0.28 
c 
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Table 28 Molecular weight and optical density resulting of electrophoresis of April 
SDS-PAGE 2 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
T 2 1 271.68 0.36 
2 2 199.49 0.36 
C 3 1 271.68 0.35 
3 2 201.87 0.35 
D 4 1 271.68 0.36 
4 2 206.72 0.34 
103 8 2 204.28 0.35 
D 9 1 262.17 0.36 
9 2 199.49 0.37 
103 10 1 265.30 0.36 
10 2 192.50 0.38 
103 11 1 265.30 0.38 
103 12 1 265.30 0.38 

















































Table 29 Molecular weight and optical density resulting of electrophoresis of April 
SDS-PAGE 3 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 1 110.67 0.47 
2 2 68.27 0.40 
2 3 43.59 0.41 
2 4 28.52 0.40 
2 5 14.51 0.24 
UK 3 2 68.67 0.31 
3 3 43.20 0.34 
103 6 4 29.56 0.34 
6 5 14.84 0.24 
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Table 30 Molecular weight and optical density resulting of electrophoresis of April 
SDS-PAGE 4 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 1 254.15 0.73 
2 2 138.71 0.62 
2 3 88.54 0.60 
2 4 59.03 0.60 
2 5 24.81 0.45 
T 3 1 258.37 0.75 
3 2 138.71 0.61 
3 3 90.52 0.57 
3 4 58.13 0.59 
D 4 2 142.71 0.63 
4 3 91.02 0.58 
4 4 59.26 0.56 
T 6 4 59.49 0.50 
T 8 4 58.80 0.50 
T 9 4 56.79 0.47 
UK 12 3 90.52 0.54 
UK 13 3 88.54 0.51 
13 4 61.36 0.50 












































Table 31 Molecular weight and optical density resulting of electrophoresis of May SDS-
PAGE 1 








Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
C 2 2 255.38 1.30 
2 3 150.00 0.97 
2 4 129.32 1.20 
2 5 109.31 0.84 
2 6 98.86 0.82 
2 7 87.10 1.10 
2 8 71.76 0.73 
2 9 55.06 0.83 
2 10 50.00 0.61 
2 11 40.50 0.54 
2 12 36.60 0.50 
2 13 19.78 0.78 
103 3 2 266.48 1.38 
3 3 148.52 0.98 
3 4 129.32 1.16 
3 7 86.60 1.39 
3 9 54.84 0.86 
3 12 20.10 0.31 
D 4 5 112.60 0.65 
4 7 87.10 0.79 
4 8 70.90 0.56 
4 9 55.06 0.63 
103 5 3 153.23 1.00 
5 4 130.61 1.23 
5 5 111.49 0.84 
5 7 85.61 1.08 
5 8 70.05 0.73 
5 9 54.84 0.88 
5 11 39.89 0.55 
5 12 20.20 0.81 
C 6 3 153.23 0.99 
6 4 131.90 1.16 
6 5 112.6 0.78 
6 7 87.60 1.01 




















6 9 54.62 0.86 
6 10 50.61 0.60 
103 7 4 133.21 1.09 
7 5 109.31 0.77 
7 7 86.60 0.98 
7 8 70.90 0.69 
7 11 20.10 0.74 
D 8 3 126.79 1.18 
8 4 106.11 0.85 
8 5 96.05 0.83 
8 7 70.05 0.76 
8 8 53.53 0.88 
8 11 31.87 0.55 
D 9 3 148.52 0.74 
9 4 129.32 0.91 
9 5 108.23 0.64 
9 9 19.56 0.71 
9 10 12.98 0.41 
103 10 3 144.18 0.76 
10 4 126.79 0.94 
10 5 108.23 0.64 
10 7 85.12 0.83 
10 8 70.05 0.58 
10 9 55.06 0.66 
D 11 2 234.54 0.50 
11 3 130.61 0.54 





































Table 32 Molecular weight and optical density resulting of electrophoresis of  May 
SDS-PAGE 2 








Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
103 2 2 176.26 1.35 
2 3 103.75 0.97 
2 4 70.35 1.19 
2 5 57.44 0.88 
2 6 51.08 0.85 
2 7 43.87 1.12 
2 8 36.19 0.78 
2 9 28.14 0.89 
2 10 26.23 0.74 
2 11 10.37 0.84 
T 3 3 101.86 1.12 
3 4 68.86 1.32 
3 5 56.83 1.04 
3 6 50.54 1.00 
3 7 43.87 1.28 
3 8 36.05 0.94 
3 9 27.93 1.11 
3 11 22.07 0.73 
103 4 3 72.64 1.07 
4 4 58.68 0.80 
4 5 50.54 0.79 
4 6 44.12 0.99 
4 7 35.66 0.73 
4 8 27.93 0.83 
4 11 10.65 0.88 
T 5 4 59.31 0.89 
5 5 43.87 1.06 
5 7 27.62 0.99 
5 8 25.37 0.78 
5 9 22.53 0.69 
103 6 3 71.10 1.10 
6 5 51.08 0.82 
6 6 44.12 1.00 
6 7 35.92 0.77 





Table 32 (continued) 
6 9 25.47 0.73 
D 7 3 71.87 1.18 
7 6 43.87 1.06 
7 7 35.52 0.78 
7 8 27.83 1.03 
7 9 25.28 0.77 
7 11 19.53 0.66 
103 8 5 51.63 0.86 
8 6 44.12 1.07 
8 7 35.66 0.77 
8 8 27.93 0.92 
8 9 25.09 0.74 
8 11 10.65 0.91 
103 9 6 44.88 1.15 
9 7 36.19 0.87 
9 8 28.04 1.00 
9 9 26.52 0.83 
9 10 22.07 0.74 
9 11 19.76 0.70 
103 10 7 36.32 0.71 
10 8 28.04 0.80 
10 9 10.37 0.81 
T 11 6 44.88 0.93 
11 7 36.05 0.68 







Figure 42. May SDS-PAGE3
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Table 33 Molecular weight and optical density resulting of electrophoresis of May 
SDS-PAGE 3 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
T 2 1 105.98 1.09 
2 2 86.43 1.00 
2 3 52.01 0.97 
2 4 34.41 0.97 
T 3 1 106.41 1.06 
3 2 85.64 0.98 
3 3 52.01 0.95 
3 4 33.90 0.95 
C 4 1 103.87 1.14 
4 2 88.84 1.00 
4 3 51.51 0.95 
4 4 33.56 1.02 
4 5 13.71    0.87
D 5 1 105.13 1.10 
5 2   86.43 0.97 
5 3 52.01 0.95 
5 4 33.56 0.97 
D 6 1 105.98 1.08 
6 2 85.64 1.00 
6 3 50.52 0.98 
6 4 39.15 0.93 
UK 7 1 106.84 1.08 
7 2 87.23 0.99 
7 3 51.51 0.96 
7 4 34.07 0.97 
D 8 1 106.84 1.09 
8 2 86.43 1.00 
8 3 51.51 0.98 
8 4 34.07 0.96 
D 9 1 105.56 1.11 
9 2 86.43 1.02 
9 3 52.01 0.96 
9 4 34.24 0.98 
103 10 1 107.27 1.04 
















Table 33 (continued) 
10 3 53.02 0.93 
10 4 34.75 0.91 
103 11 1 106.84 1.06 
11 2 89.66 0.95 
11 3 53.02 0.91 
11 4 34.75 0.91 
103 12 1 107.27 1.04 
12 2 89.66 0.95 
12 3 54.06 0.93 
12 4 34.75 0.93 
C 13 1 108.57 1.01 




D C D 10
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Figure 43. May SDS-PAGE4-






















Table 34 Molecular weight and optical density resulting of electrophoresis of  May 
SDS-PAGE 4 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
1 8 20 0.26 
1 9 15 0.16 
1 10 10 0.09 
D 2 1 108.52 1.02 
2 2 85.31 0.97 
2 3 51.70 0.95 
2 4 34.80 0.95 
103 3 1 110.67 1.02 
3 2 89.85 0.98 
3 3 84.82 0.98 
3 4 33.46 0.95 
D 4 1 109.05 1.01 
4 2 84.82 0.93 
4 3 8.95 0.84 
103 6 1 110.67 1.00 
6 3 34.39 0.93 
6 4 10.72 0.82 
7 2 107.46 1.02 
7 3 33.87 0.92 
T 8 2 106.41 0.94 
8 4 96.28 0.95 
D 9 1 106.93 1.03 
9 3 33.15 0.94 
T 10 1 111.22 1.00 
10 3 86.80 0.98 
D 11 1 106.41 1.05 
11 3 33.26 0.96 
C 12 1 105.89 1.02 
12 2 82.41 0.95 
12 3 33.66 0.92 






















































Table 35 Molecular weight and optical density resulting of electrophoresis of  May 
SDS-PAGE 5 
Line ID Lane Number Band Number Mol. Wt. KDa Optical density 
Standard 1 1 250 0.38 
1 2 150 0.45 
1 3 100 0.55 
1 4 75 0.41 
1 5 50 0.18 
1 6 37 0.26 
1 7 25 0.55 
103 2 1 126.37 0.92 
2 2 105.47 0.89 
2 3 84.64 0.91 
2 4 68.56 0.87 
2 5 51.57 0.87 
2 6 33.93 0.86 
C 3 1 121.20 0.95 
3 2 84.64 0.89 
3 3 51.57 0.86 
3 4 33.74 0.85 
T 4 5 32.62 0.98 
103 5 1 116.25 0.98 
5 3 33.17 0.87 
C 6 4 51.57 0.92 
C 7 2 102.71 0.96 
7 4 66.20 0.91 
7 5 49.84 0.93 
T 8 1 121.20 0.97 
8 2 107.35 0.93 
8 4 66.20 0.87 
8 5 49.28 0.89 
103 9 4 49.28 0.89 
9 5 32.25 0.90 
103 10 4 48.72 0.86 
10 5 43.01 0.82 
11 4 32.07 0.87 
12 4 65.45 0.89 
12 5 48.72 0.91 
13 1 116.25 0.91 
13 2 103.62 0.88 
13 4 69.37 0.84 
13 5 49.84 0.85 

















TABLES OF PLASMA ESTRADIOL, TESTOSTERONE, AND VITELLOGENIN 
CONCENTRATION, AND ACTIVITIES OF CATHEPSINS L, D, AND  
B FOR CHANNEL CATFISH FISH INJECTED WITH CARP  



































Table 36 Mean ± SE plasma estradiol concentrations (ng/ml) for four different female
strains of channel catfish (Ictalurus punctatus) injected with carp pituitary
and luteinizing hormone releasing hormone 
Time 
(h) Strain C* Strain 103* 
Saline Carp LHRH Saline Carp LHRH 
0 0.13±0.09 0.20a±0.08 0.11a±0.40 ND 0.20ba±0.13 0.15a±0.05 
20 ND 0.30a±0.35 0.59a±0.78 1.08a±1.12 0.08b±0.52 0.31a±0.53 
24 ND 0.90a±1.32 0.04a±0 0.24a±0.09 0.55a±0.52 0.28a±0.66 
Time 
(h) Strain D* Strain T* 
Saline Carp LHRH Saline Carp LHRH 
0 0.10±0.02 0.16b±0.04 0.18±0.16 0.11a±0.03 0.09b±0.02 0.12a±0.04 
20 0.71±0 0.66a±0.38 0.26±0.21 0.39a±0 0.44a±0.27 1.07a±1.7
24 0.72±0 0.41ba±0.39 0.26±0.21 0.65a±0.85 0.1b±0.08 0.82a±0.083 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 
ND= no detectable 
Values not sharing the same letters within a column are significantly different (p<0.05) 
Table 37  Mean ± SE plasma testosterone concentrations (ng/ml) for four different 
female strains of channel catfish (Ictalurus punctatus) injected with carp 
pituitary and luteinizing hormone releasing hormone 
Time 
 (h) Strain C* Strain 103* 
Saline Carp LHRH Saline Carp LHRH 
0 0.03±0 0.07a±0.09 0.03a±0.16 0.02b±0 0.31a±0.88 0.13a±0
20 0.13±0.13 0.12a±0.09 0.30a±0.40 0.11a±0.04 0.069a±0.06 0.10a±0.038
24 0.19±0 0.06a±0.06 0.11a±0.13 0.04b±0.01 0.09a±0.09 0.07a±0.015
Time 
 (h) Strain D* Strain T* 
Saline Carp LHRH Saline Carp LHRH 
0 0.03a±0.028 0.12a±0.18 0.06b±0.041 0.07b±0.04 0.08a±0.099 0.05a±0.01 
20 0.12a±0.10 0.27a±0.22 0.17a±0.15 0.47a±0 0.18a±0.11 0.19a±0.22 
24 0.017a±0.038 0.18a±0.13 0.05b±0.05 0.03b±0 0.13a±0.18 0.02a±0.02 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 






      
    






Table 38 Mean ± SE plasma estradiol and testosterone concentration (ng/ml) for female channel catfish injected with carp
pituitary and luteinizing hormone releasing hormone 
Time 
(hr) 
Estradiol (ng/mg) Testosterone (ng/mg) 
 Saline CPE LHRH Saline CPE LHRH 
0 0.115b ± 0.052 0.172b ± 0.090 0.156b ± 0.106 0.076ba ± 0.096 0.171a ± 0.441 0.067b ± 0.084
20 0.347 ± 0.260 0.426ba ± 0.448 0.585a ± 0.841 0.165a ± 0.145 0.157a ± 0.146 0.170a ± 0.178
24 0.839a ± 0.740 0.525a ± 0.768 0.384ba ± 0.554 0.051b ± 0.059 0.117a ± 0.122 0.055b ± 0.064














Table 39 Mean ± SE vitellogenin concentration (mg/ml) for four different female strains of channel catfish (Ictalurus 
punctatus) injected with carp pituitary and luteinizing hormone releasing hormone 
Time 
 (h) Strain C* Strain 103* 
Saline Carp LHRH Saline Carp LHRH 
0 18.75±0 35.30a±5.82 20.67a±2.51 30.49a±2.86 30.37a±5.78 29.00a±13.23 
20 - 33.89a±11.89 35.42a±11.89 39.15a±14.89 32.97a±8.20 26.15a±8.50 
24 - 34.74a±5.78 45.25a±0 33.70a±3.45 30.56a±11.57 35.38a±9.53 
Time 
 (h) Strain D* Strain T* 
Saline Carp LHRH Saline Carp LHRH 
0 26.55a±2.90 33.91a±6.89 28.21a±9.69 35.00a±14.92 34.97a±7.59 25.67a±7.59
20 40.35a±4.85 27.24a±13.51 24.34a±13.13 31.60a±7.35 27.53a±9.74 31.24a±5.06
24 38.05a±10.61 33.48a±8.10 28.38a±11.14 58.35a±0 35.97a±4.70 27.96a±3.12
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 






   
  
       
  
     
   





Table 40 Mean ± SE vitellogenin concentration (mg/ml) and cathepsins activity (U/mg ± SE) for female channel catfish 
injected with carp pituitary and luteinizing hormone releasing hormone 
Time 
(hr) 
Vitellogenin (mg/ml)  Cathepsin B (U/mg)
 Saline CPE LHRH Saline CPE LHRH 
0 29.31a ± 7.52 33.75a ± 6.57 27.38a ± 10.24 6.36b ± 3.69 6.78b ± 3.65 8.49b ± 4.31 
20 37.87a ± 10.43 30.09a ± 11.26 27.63a ± 9.96 10.89a ± 7.12 14.57a ± 8.12 16.03a ± 7.85 
24 38.46a ± 10.29 33.90a ± 7.42 31.96a ± 9.50 11.09a ± 3.51 8.95ab ± 2.21 10.24b ± 4.89
Time 
(hr) 
Cathepsin L (U/mg) Cathepsin D (U/mg)
 Saline CPE LHRH Saline CPE LHRH 
0 17.88b ± 10.53 22.52a ± 10.29 21.09b ± 11.53 42.70a ± 22.61 43.50a ± 18.38 54.23b ± 31.73 
20 31.46a ± 20.92 28.29a ± 9.63 32.18a ± 11.27 52.85a ± 19.46 62.23a ± 39.18 80.58a ± 40.50 
24 30.75a ± 9.62 25.46a ± 6.02 32.04a ± 13.12 51.75a ± 18.92 41.96a ± 10.51 46.06b ± 21.09









Table 41 Mean ± SE cathepsin L activity (U/mg) for four different strain female channel catfish (Ictalurus punctatus) injected 
with carp pituitary and luteinizing hormone releasing hormone
Time
 (hr) Strain C* Strain 103* 
Saline Carp LHRH Saline Carp LHRH 
0 23.26a±6.6 23.9a±13.6 39.9±0 25.3a±14.6 18.6b±10.6 21.3a±12.2 
20 20.70a±0 33.2a±9.5 19.6±0 32.4a±5.0 39.3a±10.2 39.5a±32.2 
24 27.26a±0 35.5a±12.1 20.5±0 26.7a±8.3 30.6ba±12.5 34.7a±8.9 
Time
 (h) Strain D* Strain T* 
Saline Carp LHRH Saline Carp LHRH 
0 26.2a±2.2 21.8a±15.1 13.8b±6.7 10.7b±3.1 20.0a±7.4 12.9b±2.8 
20 35.5a±13.2 32.6a±17.4 30.8a±13.7 18.2ba±1.9 28.4a±10.2 23.3ba±4.9 
24 19.6a±0 30.4a±13.4 26.3a±4.8 25.8a±0 32.0a±16.1 34.9a±15.2 
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 
















Table 42   Mean ± SE cathepsin D activity (U/mg) for four different strain female channel catfish (Ictalurus punctatus) 
injected with carp pituitary and luteinizing hormone releasing hormone 
Time 
(h) Strain C* Strain 103* 
Saline 
Carp LHRH Saline Carp LHRH 
0 32.9b±2.2 46.5b±25.5 27.3±0 50.9a±14.2 61.4a±43.9 47.7a±30.5 
20 33.8a±13.5 84.8a±0 79.0±28.0 47.2a±9.4 84.4a±42.7 54.7a±21.2 
24 40.7b±0 43.5b±27.2 51.5±0 44.5a±15.1 50.5a±16.7 54.1a±21.2 
Time 
(h) Strain D* Strain T* 
Saline Carp LHRH Saline Carp LHRH 
0 62.5a±8.0 53.8ba±32.9 46.8a±19.5 23.9a±18.7 55.3a±27.1 33.81a±13.55
20 87.7a±61.3 100.2a±61.7 55.3a±24.4 35.4a±3.6 58.4a±13.6 45.59a±12.49
24 33.6a±0 45.0b±23.9 46.6a±8.8 43.9a±0 46.7a±0 54.70a±32.53
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 





   
  
  
   
  




Table 43 Mean ± SE cathepsin B activity (U/mg) for four different strain female channel catfish (Ictalurus punctatus) injected 
with carp pituitary and luteinizing hormone releasing hormone
Time 
(h) Strain C* Strain 103* 
Saline Carp LHRH Saline Carp LHRH 
0 4.2b±0.2 8.2b±4.4 3.8b±0.5 8.4a±2.2 9.0a±4.4 6.9a±4.6
20 19.2a±0 16.8a±6.6 0±0 12.8a±3.7 14.4a±3.3 14.3a±10.4 
24 8.8c±0 9.0b±6.2 11.3a±0 9.9a±3.0 11.0a±4.2 11.6a±4.0 
Time 
(h) Strain D* Strain T* 
Saline Carp LHRH Saline Carp LHRH 
0 10.8a±2.8 8.2b±5.1 7.8a±3.4 2.9a±2.0 8.5a±4.3 4.2b±1.6
20 19.3a±12.4 20.9a±15.1 9.0a±5.5 7.7a±0.5 12.7a±2.7 8.7ba±1.9
24 7.7a±0 11.1ba±4.7 9.9a±1.3 8.3a±2.4 10.2a±5.2 12.1a±6.2
*Strain with C and D are Gold Kist, T is Thompson and 103 is NWAC-103 









            
           
   
   
     
      
    
      
        
    
            
            
           
     
    
      
      
        
        
       




Table 44 Individual results of females from four different strain of channel catfish (Ictalurus punctatus)spawning under 
natural conditions and hormone treatment injection (carp pituitary and luteinizing hormone releasing hormone) 
Pond 24 July Sep Oct Jan Feb March April May May May **Fertilization 
(20 h. post (24 h. post f stage (%) 
injection) injection)
637-D*(Carp pituitary)
Spawning date: 6/11/04 
Estradiol(ng/ml) 0.4630 ND 0.0541  0.1880  0.326 1.071 0.094 
Testosterone(ng/ml) 0.1680 0.0099 0.0635  0.1468  0.0132 ND 0.121 
Cathepsin L(U/mg) - 6.76 17.18 30.78 28.30 52.91 49.35 
Cathepsin D(U/mg) - 1.80 8.69 48.06 64.38 110.43 85.84 
Cathepsin B(U/mg) - 3.83 3.87  9.07  13.16 23.87 17.79 
Vitellogenin (mg/ml) 1.05 5.10 13.25 35.75 50.30 33.55 
Body weight(Kg) - 1.505 1.575 1.580 1.800 
Egg size(µm) - NM 1123 
1146 
Damage No eggs Damage 81.80 
379-C*(Carp pituitary)
Spawning Date: 6/10/04 
Estradiol(ng/ml) 0.1260 0.0498 ND 0.2610 0.027 0.048 
Testosterone(ng/ml) 0.1189  0.082  0.1777 0.0183 0.036 0.034 
Cathepsin L(U/mg) -  22.48  - 14.43 46.20 33.26 
Cathepsin D(U/mg) -  11.24  - 30.38 91.33 62.86 
Cathepsin B(U/mg) - 6.74 - 6.81 19.79 12.53 
Vitellogenin (mg/ml) - 3.70 - 38.55 44.85 24.55 
Body weight(Kg) -  1.625   1.730 2.065 
Egg size(µm) - 1179 No eggs 1600 Damage Damage 77.80 
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Table 44 (continued) 
May May **Fertilization 
July 
Sep Oct Dec Feb March April May (20 h. of (24 h. of f stage (%) injection) injection)
593-C* (No Injection)
Spawning date: 5/26/04 
Estradiol(ng/ml) 0.4050 
Testosterone(ng/ml) 0.4459 
Cathepsin L(U/mg) - 12.35 - -
Cathepsin D(U/mg) - 5.84 - -
Cathepsin B(U/mg) - - - -
Vitellogenin (mg/ml) - 3.60 - -
Body weight(Kg) - - - -
Egg size(µm) - - No eggs No eggs No eggs 97.30 
312-D* (No injection)
Spawning date: 5/26/04 
Estradiol(ng/ml) 0.0615 0.4719 
Testosterone(ng/ml) 0.0632 0.0984 
Cathepsin L(U/mg) 13.02 -
Cathepsin D(U/mg) 5.83 -
Cathepsin B(U/mg) - -
Vitellogenin (mg/ml) 3.80 -
Body weight(Kg) -









            
           
     
     
     
     
      
     
        
    
            
            
           
     
     
      
      
      
      
       










Table 44 (continued) 
July Sep Oct Nov Dec Jan Feb May May May **Fertilization 
(20 h. of (24 h. of f stage (%) 
injection) injection)
895-C* ( No injection)
Spawning date: 5/26/04 
Estradiol(ng/ml)     0.0704  0.114 
Testosterone(ng/ml)     0.0610  0.23 
Cathepsin L(U/mg)     13.02  29.22 












A18-103 *( No injection)
Spawning date: 6/07/04 
Estradiol(ng/ml)  0.0382     0.1596 
Testosterone(ng/ml)  0.0179     0.0887 
Cathepsin L(U/mg)  -     18.27 
Cathepsin D(U/mg)  -     3.82 
Cathepsin B(U/mg)  -     0.37 
Vitellogenin (mg/ml)  -     15.55 
Body weight(Kg)  0.7941 
-
Egg size(µm)  -
1161 
86.40 
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Table 44 (continued) 
May MayMarc **Fertilization 
July 
Oct Nov Dec Feb April May (20 h. of (24 h. ofh f stage (%) injection) injection)
61E-103* (LHRH)
Spawning date: 6/02/04 
Estradiol(ng/ml) 0.1464 0.799 No detection 
Testosterone(ng/ml) 0.0437 0.146 0.031 
Cathepsin L(U/mg) 15.19 27.89 44.14 
Cathepsin D(U/mg) 37.76 55.71 87.81 
Cathepsin B(U/mg) 7.83 11.85 16.96 
Vitellogenin (mg/ml) 54.25 14.55 29.65 
Body weight(Kg) 1.300 




Estradiol(ng/ml) 0.4413 0.0615  0.1748 0.1390  0.205 8  1.711 0.041 
Testosterone(ng/ml) 0.1426 0.0091  0.0108 0.0366  0.033 4  0.582 0.019 
Cathepsin L(U/mg) -
-
10.78 - 16.13 - -
Cathepsin D(U/mg) - - 5.39 - - -
Cathepsin B(U/mg) -
-
7.56 - 6.16 - -
Vitellogenin (mg/ml) -
-
4.30 - 22.25 - -










eggs 1778 No eggs No eggs 100.00 
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Table 44 (continued) 
May May **Fertilization July Sep Nov Jan Feb March April May (20 h. of (24 h. of f stage (%) injection) injection)
342-T* (LHRH)
Spawning date: 5/26/04 
Estradiol(ng/ml) 0.1568 0.1039  0.3860 0.1042 0.025 ND 
Testosterone(ng/ml) 0.1481 0.1533  0.1606 0.0991 0.002 0.054 
Cathepsin L(U/mg) -  16.13 14.19 26.59 -
Cathepsin D(U/mg) - 4.19 35.79 59.43 -
Cathepsin B(U/mg) - 4.55  6.16 4.88 11.47 -
Vitellogenin (mg/ml) - 2.80  20.85 20.85 28.20 28.20 
Body weight(kg) 1.090 1.395  1.295 1.220 
Egg size(µm) No eggs 1016 1480 Damage Damage No eggs 100.00 
797-T* (Carp pituitary)
Spawning date: 6/25/04 
Estradiol(ng/ml) 0.4206 0.2495 0.0243  0.0558  0.0774 0.756 No detection 
Testosterone(ng/ml) 0.0141 0.0219 0.0444  0.0761  0.0313 0.218 0.228 
Cathepsin L(U/mg) - - 15.06  58.03  26.64 21.16 18.92 
Cathepsin D(U/mg) - - 11.72  69.87  72.15 43.24 28.55 
Cathepsin B(U/mg) - - 4.74  12.4  13.43 9.96 7.00 
Vitellogenin (mg/ml) -
-
6.85 14.20  42.65 - 33.35 
Body weight(Kg)  1.215 1.035  1.105 
Egg size(µm) No eggs No eggs 1118 1148 Damage Damage 1950 100.00 








            
           
       
       
       
       
       
       
            
     
            
            
           
   
   
     
     
     
      
         
     
 
 
Table 44 (continued) 
May May **Fertilization July Sep Dec Jan Feb March April May (20 h. of (24 h. of f stage (%) injection) injection)
548-T* (LHRH)
Spawning date: 5/26/04 
Estradiol(ng/ml)  0.2174 - 0.1042 0.540 1.755 
Testosterone(ng/ml)  0.0228 - 0.0991 0.117 0.003 
Cathepsin L(U/mg)  9.93 26.43 16.19 17.28 -
Cathepsin D(U/mg)  3.81 35.39 47.7 35.06 -
Cathepsin B(U/mg)  6.46 7.83 6.06 7.71 -
Vitellogenin (mg/ml)  8.35 - 22.25 32.20 24.25 
Body weight(Kg) 1.045 
Egg size(µm)  943 1146 Damage Damage No eggs 83.30 
810-103* (Carp pituitary)
Spawning date: 6/05/04 
Estradiol(ng/ml) 0.1673  0.1547  0.1478 0.3788 0.4989 0.229 No detection 
Testosterone(ng/ml) 0.1127  0.0259  0.0620 0.1923 2.3698 0.165 0.122 
Cathepsin L(U/mg) -  6.56 
-
20.79 25.75 21.03 44.93 
Cathepsin D(U/mg) -  3.09 
-
34.79 59.97 43.21 69.76 
Cathepsin B(U/mg) -  4.98 
-
7.15 9.13 10.76 15.91 
Vitellogenin (mg/ml) -  6.50 
-
26.50 34.55 - 18.90 
Body weight(Kg)   0.875 1.110 
Egg size(µm) No eggs 508 NE 1323 Damage 1150 2000 84.60 










            
           
          
          
          
          
          
          
           
         
            
           
            
           
           
           
           
           
           
           
             






Table 44 (continued) 
July 







injection) injection) f stage (%) 
710-103* ( No injection)
Spawning date: 6/01/04 
Estradiol(ng/ml) 0.0525 0.3425 
Testosterone(ng/ml) 0.0318 0.3447 
Cathepsin L(U/mg) 13.39 15.2 
Cathepsin D(U/mg) 12.33 26.15 
Cathepsin B(U/mg) 11.35 5.66 
Vitellogenin (mg/ml) 2.70 16.35 
Body weight(Kg) 1.250 1.230 
Egg size(µm) 1397 Damage 100.00 
Pond 22 
573-C* ( No injection)
Spawning date: 6/10/04 
Estradiol(ng/ml) 0.0674 
Testosterone(ng/ml) 0.0387 
Cathepsin L(U/mg) 29.05 
Cathepsin D(U/mg) 35.15 
Cathepsin B(U/mg) 7.43 
Vitellogenin (mg/ml) 17.55 
Body weight(Kg)
Egg size(µm) 1175 99.20 








             
            
   
   
   
      
      
       
        
     
             
            
            
            
    
    
    
    
    
      
            






Table 44 (continued) 
July 








f stage (%) 
115-103* ( LHRH )
Spawning date: 6/07/04 
Estradiol(ng/ml) 0.1108 0.0987  0.0118  0.21 14  0.0698 0.540 0.013 
Testosterone(ng/ml) 0.0111 0.0183  0.0629  0.05 99  0.0231 0.170 0.200 
Cathepsin L(U/mg) - - - 26.0 6  5.67 19.7 39.64 
Cathepsin D(U/mg) -
-
-  6.82  14.25 39.5 50.12 
Cathepsin B(U/mg) -
-





 15.55 35.75 28.60 
Body weight(g) 0.845  1.275 1.060  1.130 
Egg size(µm) No eggs No eggs No eggs 1140 1200 1510 Damage 100.00 
Pond 21 
274-T* ( LHRH ) 
Spawning date: 6/07/04 
Estradiol(ng/ml) 0.0265  0.0520 0.2115  0.3535 0.2247 0.038 ND 
Testosterone(ng/ml) 0.0018  0.0092 0.1657  0.0667 0.0117 0.116 0.002 
Cathepsin L(U/mg) 6.45  8.31  66.12 17.44 8.51 23.08 19.7 
Cathepsin D(U/mg) 2.3  4.26  8.08 27.99 21.12 39.13 21.12 
Cathepsin B(U/mg) 0.37  6.60 1.03  5.74 3.41 8.90 5.48 
Vitellogenin (mg/ml) 3.80 12.45 14.85  13.55 32.05 38.75 -
Body weight(Kg) 1.440 1.645 
Egg size(µm) 762 
1397 
1150 1200 Damage Damage 85.30 
* Fish identification, number from pit-tag . ** f stage corresponds to vascularization, following description by Silverstain and Small (2004).
ND= no detectable. NM= could not be measured. NE= no eg 
